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OBJECTIVES AND OUTLINE 
THESIS OBJECTIVES 
For this thesis funding was received from a PhD grant of the Agency for Innovation by 
Science and Technology (IWT), the SPF Public Health TRAVIFOOD project, and  from 
the European Community’s Seventh Framework Program (FP7) (no 244994) Veg-i-Trade 
project. The EU FP7 Veg-i-Trade project as a whole project dealt with the impact of 
climate change and globalization on safety of fresh produce (www.veg-i-trade.org). The 
research work executed in the present PhD thesis contributed in particular to Work 
Package 6 of the Veg-i-Trade project on microbial analysis and risk assessment studies, 
including Norovirus in  raspberries and lettuce. These two case studies have also been 
identified by EFSA as the two most frequent combinations of foodborne pathogen and 
food of non-animal origin (FoNAO) reported in outbreaks in the EU (2007-2011): N°1: 
raspberries and NoV (27 outbreaks); N°2: leafy greens eaten raw as salads and NoV (24 
outbreaks) (EFSA 2013). 
 
The aims of this PhD project were  
(i) To identify the contamination sources introducing NoV in the fresh produce 
chain, taking into account the persistence of viruses in the environment and 
food, and the effect of treatments used in the processing of fresh produce. 
(ii) To provide new data concerning sampling and testing for NoV in the fresh 
produce chain.  
(iii) To identify the risk for NoV contamination associated with the use of water in 
the farm-to-fork chain of fresh produce.  
The objective was also to provide information that is vital for the identification of effective 
mitigation strategies. As such while completing the three objectives listed above, this PhD 
thesis will give a perspective on the relevance of NoV in fresh produce and will provide 
knowledge on the prerequisites and critical points during the production chain of fresh 
produce for NoV contamination, persistence, inactivation and removal. 
  





A schematic overview of the general structure of this PhD project is available in Figure 
0.1. In Chapter 1 a literature overview is presented to introduce the foodborne pathogen 
‘norovirus’ and to justify the relevance of NoV in foodborne outbreaks (FBO) due to fresh 
produce. Furthermore transmission routes and viral persistence for NoV during the farm-
to-fork chain of fresh produce are reviewed and discussed as a basis to identify possible 
prevention and control efforts for risk mitigation. In order to grasp the influence of the 
whole farm-to-fork chain on the viral load of fresh produce, also the effect of treatments 
used in food processing of fresh produce on viruses was described. The latter shows the 
relevance of  “good practices” to limit viral (cross-)contamination and enables possible 
identification of intervention strategies post-harvest. 
 
In order to provide new data concerning sampling and testing for NoV in the fresh produce 
chain, first the necessary detection methods were selected and evaluated. Detection 
methods for NoV in foods, including fresh produce such as soft red fruits and leafy greens, 
have been extensively studied in prior PhDs at the Dept. of Food Safety and Food Quality 
at Ghent University (Baert 2009; Stals 2011). As such, the in-house detection methodology 
for NoV in fresh produce was selected for NoV detection in raspberries and lettuce. This 
method is based on the elution-concentration method and the use of murine norovirus 
(MNV-1) as process control and MNV-1 RNA as amplification and inhibition control 
(Stals et al. 2011). As identified in Chapter 1, both water and surfaces (including hands) 
can be a source of NoV contamination. Hence in Chapter 2 a detection strategy for NoV 
in irrigation and processing water was selected and in Chapter 3 some detection methods 
for NoV on surfaces were assessed. The methods selected during this PhD study for fresh 
produce, water and surfaces have been used in the EU FP7 Veg-i-Trade project during 
sampling and analysis.  
 
As limited data is available for NoV presence in fresh produce unrelated to outbreaks, this 
PhD project also contributed to data gathering on the presence of NoV in raspberry 
products. However in contrast to most available studies a multi-sample approach was 
undertaken in Chapter 4 instead of a single sample survey. A batch testing regime (n=5, 
c=0) (as often applied in import controls or inspections by competent authorities) was 
undertaken on 26 random  batches of frozen raspberries derived from four raspberries’ 
processing companies. Furthermore a decision tree was elaborated to support interpretation 
of NoV RT-qPCR results.  
 




During the literature study in Chapter 1, both infected food handlers and contaminated 
water were identified as relevant transmission routes for NoV in the fresh produce chain. 
In literature ample experimental studies with quantitative data are now available that have 
simulated the transfer of viral contaminated fingers to food products and surfaces 
(reviewed in Kotwal and Cannon 2014). Also food handlers have been frequently 
identified during FBO investigations as the source of contamination. However, in contrast 
similar quantitative information to model the transfer due to the use of viral contaminated 
water is much less available in literature and is missing in case of fresh produce processing 
water. Also viral FBO that are directly linked to the use of  contaminated water at primary 
production or during processing are missing, although in some cases Norovirus 
contamination of the fresh produce at farm level was suggested to be caused by 
contaminated water (e.g. in Ethelberg et al. 2010). However, due to the difficulty of source 
tracking further in the fresh produce chain, actual viral genomic copies by analysis have 
not yet been identified in the water suspected as viral contamination source. Hence the goal 
of the second part of this PhD study was to further elucidate the potential role of water as a 
transmission route for viral pathogens. 
 
In Chapter 5 the role of processing water as a (cross-)contamination pathway during the 
washing of lettuce was explored. Quantitative data was gathered on the cross-
contamination of (surrogate) virus in comparison to bacteria during the washing of lettuce 
in a simulation of an industrial two-step wash process. A worst-case situation was modeled 
since no appropriate sanitizers were included in the washing process. However this worst-
case situation is relevant since it is still applied in several European countries (e.g. Belgium 
and the Netherlands).  
 
In order to further grasp the current knowledge on water as a transmission route, a review 
was performed in Chapter 6 on the available quantitative microbial risk assessment 
studies in peer-reviewed literature that included the modeling of effect of water use (e.g. 
influence of irrigation water and/or washing step) or water treatment on the quality of fresh 
produce in at least one stage of the farm-to-fork supply chain. This literature overview was 
the result of the discussion group of the International Life Sciences Institute (ILSI) 
working group ‘Quality of water used in the production of fresh produce’ 
(http://www.ilsi.org/Europe/Pages/Emerging-Microbiological-Issues-Expert-Groups.aspx) 
and was not limited to the risk implied by the presence of viral pathogens, as also 
pathogenic bacteria, parasitic protozoa and helminths were included. This to have a better 
idea on the modeling strategies generally applied in QMRA to model this transfer of 
pathogens in water to fresh produce. Attention was likewise given to the different 




strategies used to model other events in the food chain of fresh produce. Also relevant 
mitigation strategies, recurring proxy data, assumptions, and data gaps were identified and 
summarized. During this review many recurring data gaps were noted that still exist, and 
from previous chapter on detection methods it is clear that it is still debatable how to 
interpret data on NoV (presence of genomic copies detected by molecular methods) to 
public health risk. Therefore, it was decided in the framework of this PhD study that the 
elaboration of a risk assessment study on the use of water in leafy greens production and 
processing was currently of no added value. 
 
Finally, in Chapter 7 a general discussion integrating the findings, conclusions and 
recommendations obtained during this PhD project is presented. Special attention was 
reserved for discussion on the uncertainties and linked challenges one is confronted with 
when striving for a holistic understanding of NoV in the farm-to-fork chain of fresh 
produce. Uncertainties discussed relate to health risk, prevalence & testing, relevance of 
indicators & control, and standardized detection of NoV.  
  






















Figure 0.1. Research outline of this PhD project. 
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1. NOROVIRUS AND FRESH PRODUCE: LITERATURE 
OVERVIEW  
1.1. EPIDEMIOLOGY AND DETECTION OF FOODBORNE VIRUSES  
Foodborne viruses can be defined as human infecting viruses transmitted through food. 
The viruses implicated in foodborne disease are enteric viruses, which represent a wide 
spectrum of viral genera that invade and replicate within cells of the intestinal tract, 
subsequently they attack other cells of the digestive tract or enter other organs such as the 
liver or central nervous system and cause disease. Infection can result in a wide variety of 
symptoms ranging from a mildly, self-limiting gastroenteritis, to hepatitis, aseptic 
meningitis, and acute flaccid paralysis. Overall, these foodborne viruses are excreted in 
high numbers in human feces, and are transmitted by the fecal-oral route. Viruses are strict 
intracellular parasites and cannot replicate outside a specific living cell. Therefore the 
number of viral particles does not increase in food and water during production, 
processing, transport, and storage. Furthermore, viruses are inert and metabolic non-active 
when outside their hosts, and as such no sensory changes are noticed when present in food. 
Foodborne viruses consist of genomic material encapsulated in a protein shell as 
schematically presented in Figure 1.4. (a). These enteric viruses lack an envelope of lipids, 
which contributes to their environmental persistence. 
Several enteric viruses have been linked with foodborne outbreaks (FBO), including e.g. 
rotavirus (e.g. Mayr et al. 2009), sapovirus (e.g. Yamashita et al. 2010), astrovirus (e.g. 
Oishi et al. 1994), poliovirus (e.g. Dhanashekar et al. 2012), enterovirus (e.g. Bellou et al. 
2013), aichivirus (e.g. Yamashita et al. 1991), and hepatitis E virus (e.g. Tamada et al. 
2004). However the two most frequently linked viruses with FBO, and as such identified as 
the foodborne viruses with the highest priority are norovirus (NoV) (Figure 1.1.) and 
hepatitis A virus (HAV) (FAO/WHO 2008b; Koopmans and Duizer 2004). No zoonotic 
transmission has been observed so far for NoV and HAV (Mathijs et al. 2012), and hence 
transmission for NoV and HAV is directly by person-to-person or indirectly via human 
fecal contaminated food, water, or surfaces. In case of NoV, transmission can also occur 
via vomit and aerosol formation after projectile vomiting, next to the fecal-oral route. Due 
to their high relative importance as viral foodborne pathogens, both NoV and HAV will be 
discussed briefly in this subsection 1.1. However the emphasis of this literature overview 





1.1.1. Norovirus & hepatitis A virus 
1.1.1.1. NoV, “the Ferrari of the foodborne virus world”  
NOV CLASSIFICATION AND CHARACTERISTICS 
Human noroviruses (NoV), the main subject of this PhD thesis, belong to the genus 
Norovirus. NoV are non-enveloped, positive-sense, single-stranded RNA viruses with a 
genome of approximately 7.5 kb composing, with the exception of murine norovirus (4 
ORFs), of three open reading frames (ORFs) (Karst et al. 2015). Together with the genera 
Sapovirus, Lagovirus, Vesivirus, Nebovirus (Oliver et al. 2006), the newly proposed 
Recovirus (Farkas et al. 2008), and other tentative new genera (e.g. Valovirus (L'Homme et 
al. 2009)) and unclassified viruses, the Norovirus genus forms the Caliciviridae family. 
The genus Norovirus consists of six genogroups (GI to GVI), of which three (GI, GII and 
GIV) are known to cause illness in humans. Next to human infective genotypes, GII and 
GIV consist also of genotypes infecting respectively swine (GII.11, GII.18, and GII.19) 
and lions (Martella et al. 2007; Wang et al. 2005). Remark that these genotypes are 
uniquely related to animals and are hence non-human infecting subtypes within genogroup 
GII and GIV. Bovine and murine NoV (MNV) are classified respectively in genogroup III 
(GIII) and V (GV) (Oliver et al. 2003; Karst et al. 2003). Recently, canine noroviruses 
(CNVs) have been classified into GIV and the tentative new GVI (Mesquita et al. 2010; 
Martella et al. 2008). Mainly GI and GII genotypes, comprising over 20 different 
genotypes (Zheng et al. 2006), are responsible for the majority of NoV (foodborne) 
outbreaks. Among these genotypes the GII.4 variants are responsible for the majority 
(estimates of 55-85%) of NoV gastroenteritis cases worldwide (Ramani et al. 2014).  
 
Figure 1.1. Immune electron microscopy picture of NoV (27 – 32 nm). Source: Kapikian et 
al. 1972 




The first glimpse of a member of the now called Norovirus genus was spotted in 1972 
through an immune electron microscopy in a stool sample filtrate derived from an outbreak 
in Norwalk Ohio in 1968. Since then, this viral agent of 27 – 32 nm was named after the 
place where it was discovered resulting in “Norwalk virus”, now recognized as the type 
agent Norwalk virus (NV) belonging to GI.1 (genogroup I, genotype 1) (Kapikian et al. 
1972; Kapikian 2000). However, the taxonomic status remained uncertain until the cloning 
of the NV genome in 1990 (Xi et al. 1990) which lead to the classification of NV and other 
related “small round structured viruses” (SRSVs) as members of the Caliciviridae family 
(Green et al. 2000). As such, depending on the timeframe, members of the Norovirus genus 
have been commonly referred to as Norwalk viruses, “small, round structured viruses” 
(SRSV), Caliciviruses and Norwalk-like viruses (NLV). This diversity in naming along the 
last 40 years can also be observed in outbreak Table 1.1. The observation that 
recombination of NoV in the ORF1-ORF2 junction region is common (Bull et al. 2007) 
has recently triggered a new proposal for a unified NoV nomenclature and genotyping to 
be able to recognize these recombinant viruses. The new proposal is a dual typing system 
based on complete capsid (VP1) and partial polymerase (1300 nt) sequencing (Kroneman 
et al. 2013). 
Since its discovery and especially since the development of molecular detection methods 
(e.g. RT-PCR) in the nineties, the notorious star of noroviruses has risen fast among the 
echelon of foodborne disease agents. Nowadays NoV are known as the “winter vomiting 
bug”, the “cruise ship virus” and have even been termed “the Ferrari of the virus world” 
(Kelland 2012). This virus is considered the most prevalent cause of viral gastroenteritis 
and even considered to be the primary cause of overall gastroenteritis (Koopmans and 
Duizer 2004). Human noroviruses are generally detected in human wastewaters all over the 
world all year round, indicating epidemiologically a global presence and persistence in the 
community. This global presence is also highlighted by studies on the seroprevalence to GI 
and GII strains in e.g. Canada (Cubitt et al. 1998), UK (Menon et al. 2013a), Italy (Pelosi 
et al. 1999), Finland (Nurminen et al. 2011), India (Menon et al. 2013b; Menon et al. 
2013a), and Korea (Son et al. 2013), demonstrating that when reaching adulthood nearly 
all adults have been exposed to one or more NoV (Donaldson et al. 2010). Remark that 
serologic tests in these studies are based on ELISA and hence results can depend on the 
virus-like-particle (VLP) that was selected as antigen. As such, a limitation of the used test 
is that a specific type of VLP, e.g. of GII.4, is not necessarily able to detect cross-reactive 





NoV have a particular set of characteristics compared to other bacterial and viral pathogens 
that enable them to spread easily during (foodborne) outbreaks and hence contribute to the 
global presence of this viral pathogen (Patel et al. 2009). As such, (i) NoV have a very low 
infectious dose facilitating easy transfer of significant doses by simple contacts, e.g. by 
food handlers. Based on data resulting from a human experimental infection study using 
NV, the average probability of infection for a single NoV particle was estimated to be 
close to 0.5, exceeding that reported for any other virus studied up to date (Teunis et al. 
2008). A second factor (ii) contributing to the success of NoV is due to characteristics of 
the shedding of viral particles. As such, the viral load found in feces from infected persons 
is relatively high (up till 10
12
 viruses (RT-PCR) per gram feces (Atmar et al. 2008)) and 
the shedding can continue for a prolonged duration even after symptoms have resolved. 
Also asymptomatic infections and shedding are frequently observed, increasing the 
likelihood of food handlers to be responsible for ‘silent’ transmission in the case of 
insufficient respect of good personnel hygiene. Next to feces, NoV viral particles are also 
shed in vomitus, which introduces the possibility for spread by ill persons via vomit-
contaminated surfaces. The dramatic nature of the vomiting episodes (projectile vomiting) 
typical for a NoV infection, produces also a lot of aerosolized vomit, increasing the risk for 
widespread contamination and airborne transmission and hence secondary spread. 
Secondary attack rates as high as >30% are known to occur among contacts of infected 
persons (Glass et al. 2009). A third characteristic favoring NoV (iii) is its prolonged 
environmental stability. As NoV have the ability to evade death from cleaning and 
disinfection, i.e. particular resistant to normal household disinfectants and even alcohol 
hand gels, and persist long periods outside a human host, even at wide temperature ranges 
(from freezing to 60°C). Also (iv) the substantial strain diversity, the lack of complete 
cross-protection against the diverse strains, the inadequate development of long-term 
immunity, and antigenic drift enable the virus to escape pre-existing herd immunity or 
infect previously naive populations (Donaldson et al. 2008; Karst et al. 2015) and 
contribute to the possibility of repeated infections throughout life following re-exposure 
with NoV (Patel et al. 2009). The great diversity of strains is attributed both to the 
accumulation of point mutations associated with error-prone RNA replication due to the 
lack of proofreading activity of the NoV RNA dependent RNA polymerase, and to 
recombination between two different NoV strains (Bull et al. 2007; Glass et al. 2009). 
Antigenic drift has been observed for the predominant GII.4 NoV strain, but may also 
occur in other genotypes (e.g. GII.2 (Iritani et al. 2008)). As such, from the 1990s till early 
2013, seven different GII.4 variants were associated with global epidemic of gastroenteritis 
(Ramani et al. 2014). Due to this rapid evolution of NoV and the great diversity of strains, 
in contrast to HAV, no effective vaccine is yet available. NoV virus-like particles (VLPs) 




have been tested as a candidate vaccine and have shown efficacy in a proof-of-concept 
human experimental infection model. However, despite the several advances that have 
been made in vaccine development in recent years, many challenges remained to be solved 
(Ramani et al. 2014). 
DIAGNOSIS AND PROGNOSIS OF INFECTION AND ILLNESS 
Concerning the clinical features of a NoV infection, typically gastroenteritis starting with a 
sudden onset of vomiting (more common in children) and/or diarrhea (more common in 
adults) is observed after a median incubation period of 1.2 days (95% CI 1.1-1.2 days) 
(Lee et al. 2013). Although the predominant symptom can vary from person to person. 
Nausea, abdominal pain, abdominal cramps, malaise, and low-grade fever also occur. 
Generally, NoV disease is characterized as mild and self-limiting, and symptoms lasting 2-
3 days (Koopmans et al. 2002).  
A recent in vitro study revealed that the current globally dominant GII.4 NoV strain infects 
more specific human B cells and that the presence of certain enteric bacteria are likely 
needed to facilitate productive attachment to, and infection of these B cells (Jones et al. 
2014). Infection with NoV can cause malabsorption of water from the gut, hence resulting 
in diarrhea. However, available data suggest that human NoV-induced diarrhea is not 
caused by structural damage of the intestinal wall but instead by alterations of secretory 
and/or absorptive processes (Karst et al. 2015). Diarrheal stools usually contain no blood, 
mucus, or leukocytes. The absence of leukocytes differentiates NoV associated diarrhea 
from diarrhea caused by bacterial pathogens such as Escherichia coli O157:H7, in which 
blood appears in the stool (Glass et al. 2009). Feces does contain viral particles up to a 
median of 9.5 x 10
10
 genomic copies per gram feces as measured by RT-qPCR during an 
inoculation study with Norwalk virus (GI.1) (Atmar et al. 2008). Shedding has been 
observed to start in the pre-symptomatic phase (3-14 hours before onset), and has been 
shown to last for up to 56 days post-infection (detection by RT-PCR) (Atmar et al. 2008). 
However, this shedding may even be prolonged in immunocompromised persons. 
Approximately one-third of human NoV-infected individuals are asymptomatic (Hall et al. 
2011; Graham et al. 1994), resulting in a high incidence of asymptomatic infections in the 
community (1%-16%) (Glass et al. 2009; Phillips et al. 2010). This leads to further 





 copies/g of stool (Ozawa et al. 2007)). As such it is virtually 






Figure 1.2. Burden of NoV in the United States. Estimates of the annual number of illnesses 
and associated outcomes for NoV disease in the USA, across all age groups. Lifetime risks of 
disease are based on a life expectancy of 79 years of age. Source: CDC 2014. 
Although NoV infection is regarded as a mild and self-limiting disease, in some cases 
supportive therapy to prevent dehydration (e.g. parenteral fluid therapy) or even 
hospitalization is required. Deaths are rarely associated with foodborne NoV outbreaks 
(death rate is 0.01% in USA) (Hall et al. 2014) and are more commonly associated with 
person to person outbreaks among elderly and in health care facilities (Trivedi et al. 2013). 
In the EU in 2012 a total of the 101 strong-evidence NoV FBO were reported by 20 of the 
27 reporting member states and two non-member states (i.e. Norway and Iceland), 
resulting in 13 853 human cases, 122 hospitalizations and 2 deaths (EFSA and ECDC 
2014). 
Next to naturally acquired immunity (although observed to be short-lived), susceptibility to 
the majority of NoV infections is determined by genetically controlled secretor-dependent 
expression of histo-blood group antigens (HBGAs) (Shanker et al. 2014). HBGA have 
been considered as an important co-factor necessary for NoV attachment to host cells 
(Donaldson et al. 2008) and are localized on the surface of epithelial cells and in mucosal 
secretions of secretor-positive individuals. Specific HBGA expression on cell surfaces is 
affected by the ABO, Secretor and Lewis genotypes of an individual. Non-secretor 




individuals are believed to be largely resistant to infection with many human NoV 
genotypes (Ramani et al. 2014). However a recent study suggests that HBGA-expressing 
bacteria may play a vital role as cofactor to facilitate NoV infection of B cells (Jones et al. 
2014). Anyway cases of NoV infection associated with secretor-negative individuals are 
reported (Jin et al. 2013; Nordgren et al. 2010, 2013). It has also been suggested that, due 
to the variation between norovirus genotypes, it is likely that every person is genetically 
susceptible to at least one NoV genotype (Atmar 2010). 
DIAGNOSIS OF AN OUTBREAK 
Primary attack rates in foodborne outbreaks are generally high (typically ca. 50%) 
(Koopmans et al. 2002; Matthews et al. 2012). For diagnosis in the absence of extensive 
laboratory testing for detection of NoV, careful evaluation of clinical and epidemiological 
characteristics of outbreaks can allow rapid identification of causative agents and thus 
helps to take the precautionary steps needed and to guide the public health laboratory to 
conduct appropriate tests to confirm the presence of NoV (Hedberg 2006). Kaplan 
described a list of epidemiological and clinical criteria that proved to be indicative of 
norovirus outbreaks: (i) stool cultures are negative for bacterial pathogens; (ii) median 
incubation period 24-48 h; (iii) median duration of illness 12-60 h; (iv) vomiting in >50% 
of patients (Kaplan et al. 1982). These criteria can be used for rapid prospective and 
retrospective evaluation of outbreaks and have been observed to be highly specific (98.6%) 
and to have a high positive predictive value (97.1%) (Turcios et al. 2006). 
Nowadays confirmation of NoV foodborne-disease outbreaks, according to the guidelines 
of the CDC, requests the detection of viral RNA in at least two bulk stool or vomitus 
specimens by real-time or conventional reverse transcriptase-polymerase chain reaction 
(RT-PCR), or visualization of the viruses with characteristic morphology by electron 
microscopy in at least two or more bulk stool or vomitus specimens, or two or more stools 
positive by commercial enzyme immunoassays (CDC 2000).  
RT-PCR assays are used when sequencing is wanted for genotyping and further molecular 
epidemiologic studies. This is helpful for epidemiologic studies and especially to detect 
international outbreaks as strain sequences from outbreaks linked to a common source are 
expected to be more similar than strains from outbreaks with a different source (Verhoef et 
al. 2011). When using commonly applied RT-qPCR assays (ISO/TS 15216-1:2012), this 
allows a more rapid evaluation of clinical samples, but classifies NoV to the genogroup 
level (Atmar 2010). 
Next to commercial molecular assays for RT-(q)PCR (e.g. Norovirus Screening RT-PCR 





GmbH, Germany); Xpert® Norovirus (Cepheid)), several commercial immunoassays are 
available on the market (e.g. RIDA®SCREEN (R-Biopharm), RIDA®QUICK (R-
Biopharm), IDEIA assays (Oxoid)). Although these enzyme immunoassays (EIA) are less 
sensitive, they can be used as screening assays during outbreak situations as normally 
multiple feces samples are tested which improves the likelihood of obtaining a positive 
result (Duizer et al. 2007). However, it is suggested that these results should be confirmed 
by RT-PCR (Gray et al. 2007; Hall et al. 2011). 
1.1.1.2. Hepatitis A virus 
HAV CLASSIFICATION AND CHARACTERISTICS 
HAV is a viral agent consisting of a non-enveloped capsid of 27-32 nm in diameter 
containing a positive single-stranded RNA genomic molecule of 7.5 kb, composing of a 
single open reading frame. HAV is the only member of the Hepatoviruses, which is a 
genus within the Picornaviridae family. Other genera within this family include Rhinovirus 
and Enteroviruses. HAV isolates are characterized by a low antigenic variability, resulting 
into the recognition of only a single serotype. However several genotypes have been 
identified. Recently HAV have been reclassified in six genotypes based on the sequence 
derived from the complete VP1 region. Genotypes I-III have been associated with 
infections in humans, while genotypes IV-VI are simian in origin. Genotypes I, II and III 
can each be further divided in subtypes A and B. The predominant subtype is dependent on 
the geographical region, however subtype IA seems to be responsible for the majority of 
hepatitis A cases worldwide (Vaughan et al. 2014).  
Like NoV, HAV is known for its environmental persistence, a feature that facilitates 
spread by means of contaminated food products and water. The infectious dose is 
estimated to be in the range of 10 – 100 viral particles (Sanchez et al. 2007). 
DIAGNOSIS AND PROGNOSIS OF INFECTION AND ILLNESS 
Hepatitis A is a self-limiting disease that results in fulminant hepatitis, however deaths are 
associated with HAV infection. As such, the fatality rate of foodborne HAV infection is 
estimated to be 2.4% in the USA (Scallan et al. 2011). Also a higher hospitalization rate 
(i.e. 31.5%) is notable compared to NoV infections (i.e. 0.03%) (Scallan et al. 2011). 
Clinical symptoms are dark urine, fatigue, anorexia, abdominal discomfort, and nausea, 
followed by symptoms and signs of hepatitis 1-2 weeks later (i.e. jaundice). However 
infection with the same virus leads to variable disease courses in different individuals. 
Illness can last from a few weeks to several months (e.g. up to 6 months in 10-15% of 
patients) and can lead, however infrequently, up to fulminant hepatitis (Koopmans et al. 
2002). Yet in children under six the infection is generally asymptomatic. As such, the 
burden to human health related to a HAV infection is generally much higher in comparison 




with a mild acute gastroenteritis (AGE) related to NoV infections (Havelaar et al. 2012). 
Compared to NoV infections, HAV has also a long incubation period of 2–7 weeks, 
complicating epidemiological investigations to link outbreaks with a specific food item 
(Koopmans et al. 2002; Sanchez et al. 2007). In large parts of the world HAV is endemic 
(WHO 2014), primarily in developing countries with poor sanitary and hygienic 
conditions, and as a result virtual all adults are immune (immunity is life-long, only one 
serotype of HAV) due to contact during early childhood. 
The primary site of replication of HAV is the liver, which they reach following a viremic 
stage in which the virus can be detected in the blood stream, and where they infect 
hepatocytes. After replication in the liver, the virus is released into bile and, eventually, 
shed in feces (Koopmans et al. 2002; Vaughan et al. 2014). As such feces can contain high 




 particles/g feces) during infection. Pre-symptomatic 
shedding can start in the last two weeks of the incubation period and can proceed up to five 
months after infection. But next to the fecal-oral transmission route, occasionally HAV is 
also acquired through blood transfusions or sexual contact (anal-oral) (Sanchez 2013).  
In contrast to NoV, effective vaccinations providing long-lasting immunity against HAV 
are available on the market since early 1990s. However these are not overall administered 
on a national level due to varying cost-benefit calculations (Poovorawan et al. 2002). As 
these vaccines, consisting of inactivated viruses, have quite high economic costs and hence 
highly endemic countries that usually have low economic incomes cannot afford the 
hepatitis A vaccination (Sanchez et al. 2007). Nevertheless vaccination should be 
considered for special groups of persons that are at a high risk of HAV infection (e.g. 
travelers, researchers, chronic liver diseased persons). Vaccination of food handlers has 
been proposed as a mitigation strategy for FBO (Poovorawan et al. 2002). However, such 
policies have been suggested not to be cost-effective in developed countries (Meltzer et al. 
2001). 
DIAGNOSIS OF AN OUTBREAK 
Diagnostic confirmation during foodborne-disease outbreaks is typically done by detection 
of immunoglobulin M antibody to HAV (IgM anti-HAV) in serum for two or more persons 
who are presumed to be linked to the implicated food (CDC 2000). However molecular 
detection methods are also needed to detect the viral pathogen in food (ISO/TS 15216-
1:2012) and for HAV sequencing in human and food samples. The latter can facilitate in 
identifying nationwide outbreaks as was the case in the recent multi-member state outbreak 
in Europe identified by HAV sub-genotype IA with an identical RNA sequence (sequence 
GenBank number is KF182323) (ECDC 2014). However, in order to facilitate future 





analytical protocol for HAV sequencing in human and food isolates was identified as a 
point for improvement (ECDC 2014). 
1.1.2. Epidemiological evidence linked to fresh produce 
NoV are responsible for 47-96% of outbreaks of acute gastroenteritis reported in countries 
around the world (Atmar and Estes 2006). However only a fraction is due to foodborne 
transmission, e.g. approx. 22% and 23% of NoV outbreaks in Europe and the USA 
respectively (Hall et al. 2014; Verhoef et al. 2009). However in a recent study by UK FSA 
only 2.7% of NoV outbreaks in the UK was estimated to be foodborne (Tam et al. 2014). 
Concerning HAV outbreaks, these estimates concerning a foodborne transmission are 
generally lower, i.e. 7% of domestically acquired illnesses in the USA (Scallan et al. 2011) 
and as high as 16% of reported case-patients in the Netherlands (Petrignani et al. 2014) 
when additional virus typing was implemented. The number of foodborne outbreaks (FBO) 
due to viruses is likely underestimated since secondary transmission can mask the 
connection between sources and outbreaks, resulting that outbreaks initially linked to a 
food-source may present as person-to-person outbreak by the time they are recognized 
(Verhoef 2011). A FBO is hereby defined as an incident in which two or more persons 
experience a similar illness resulting from the ingestion of a common food (CDC 2000). 
During 2009-2012, NoV were deemed responsible for 48% of FBO with a single suspected 
or confirmed cause reported in the USA (Hall et al. 2014). In 2012, NoV completed the top 
three of most frequently reported causes of FBO in the EU, after Salmonella and bacterial 
toxins (EFSA and ECDC 2014). However, NoV outbreaks were responsible for the highest 
number of human cases (56.7% of reported cases), mainly due to the largest FBO that year, 
affecting 10950 people due to NoV contaminated frozen strawberries (Bernard et al. 2014; 
EFSA and ECDC 2014). Also in the USA NoV are responsible for the majority (estimate 
of 58%) of all domestically acquired foodborne illnesses attributed to a known agent 
(Scallan et al. 2011).  
Fresh produce has also, next to shellfish and ready-to-eat foods, been identified as an 
important vehicle for the foodborne transmission of enteric viruses such as NoV and HAV 
(Bassett and McClure 2008; FAO/WHO 2008b). As such, vegetable row crops (e.g. leafy 
greens), fruits and mollusks, were responsible for 30%, 21%, and 19%, respectively of 
NoV FBO in the USA (2009-2012) in which a specific food category was implicated (Hall 
et al. 2014). Concerning fresh produce outbreaks, NoV was identified as the top cause of 
outbreaks (40%), followed by Salmonella (18%) and E. coli (8%) according to a 
comprehensive survey of outbreaks with identified food sources in the USA (1990-2005) 
(Dewaal and Bhuiya 2009).  




In this section further epidemiologic evidence based on the outbreak Table 1.1. consisting 
of peer-reviewed outbreak investigation studies, will be presented to highlight the 
relevance of NoV and HAV as pathogenic agents in FBO due to contaminated fresh 
produce. 
BIAS 
This overview of peer-reviewed outbreak investigation literature gives only a narrowed 
view on the relevance of fresh produce as a vehicle for viral FBO. As these studies only 
represent a fraction of the fresh produce outbreaks attributed to NoV and HAV. As such, in 
Europe (2007-2011) at least 27 FBO were linked to NoV contaminated raspberries (EFSA 
2013), while only two outbreaks fitting this geographic element and timeframe are 
mentioned in Table 1.1. Likewise the variety of fresh produce types linked to viral 
outbreaks is evidently higher than depicted in Table 1.1. as other associated fresh produce 
commodities include e.g. cantaloupe (Bowen et al. 2006), tomatoes and carrots (EFSA 
2013; Erickson 2010). Hence not every FBO is reported in peer reviewed literature and it 
has been observed that an outbreak has a higher chance of publication if certain pre-
requisites are fulfilled such as: (i) high number of patients affected, long-lasting epidemic, 
or severe illness; (ii) occurrence of unusual types (e.g. genotypes) of the pathogen; (iii) 
new or unusual food matrices; (iv) the availability of ample analytical evidence or 
possibility to source-track the origin of contamination. But most of all it sticks out that all 
reported outbreaks are from North-America or Europe with the exception of reporting 
countries Israel, Korea and Japan. Hence illustrating the variable capacity and priority to 
detect viral FBO in the world. Concerning severity of the outbreak, reported FBO due to 
HAV have likely an edge over NoV outbreaks due to the possible severe nature of the 
associated illness resulting in a higher hospitalization rate (31.5% versus 0.03%) and a 
higher death rate (2.4% versus <0.1%) (Scallan et al. 2011). Nevertheless, NoV has been 
identified to be the top cause of outbreaks (40%) associated with fresh produce in the USA, 
while HAV contributed to only 4% of produce outbreaks during the same period (1990-
2005) (Dewaal and Bhuiya 2009). Hence, this outbreak table is less representative of the 
real situation as the ratio NoV outbreaks/HAV outbreaks is 28/14. Hence NoV was justly 
selected as the relevant viral pathogen concerning fresh produce in this PhD thesis. 
Even though no genogroup is specified in the report, most probable all outbreaks listed in 
Table 1.1 that are classified to have NoV as etiological agent will be due to GI or GII NoV. 
This because most commonly used detection methods, including the ISO/TS 15216-
1:2012, only focus on these two genogroups and GIV has to the best of my knowledge not 
yet been linked to a FBO. The overall prevalence of GIV NoV in the community is 





programs. However, GIV noroviruses have been found in wastewaters all over the world 
(e.g. Italy (La Rosa et al. 2010), Japan (Kitajima et al. 2011), France (Sima et al. 2011), 
Korea (Han et al. 2014)), in stool specimens collected from hospitalized patients with 
clinical signs of diarrhea (e.g. Italy (Muscillo et al. 2013)), in stool specimens related to 
outbreaks of AGE (acute gastroenteritis) (e.g. Argentina (Gomes et al. 2007), Australia 
(Eden et al. 2012)), and in shellfish (e.g. Italy (La Rosa et al. 2012)). This implies the need 
for further studies to elucidate the role of this virus as a gastroenteritis-causing pathogen 
and the dynamics of circulation in human populations and environmental contamination. 
RELEVANT IDENTIFIED FOOD MATRICES  
Frequently identified fresh produce items that were implicated in these outbreaks listed in 
Table 1.1. are soft red fruits (e.g. raspberries and strawberries) and leafy greens (e.g. 
salads). Both commodities are also frequently mentioned in European RASFF reports. In 
the USA, leafy vegetables were identified as the main identified single commodity 
involved in NoV outbreaks, being responsible for 30% of outbreaks attributed to a single 
commodity in 2009-2012. Meanwhile fruits were responsible for 21% of single commodity 
NoV outbreaks (Hall et al. 2014). Hence justifying the selection of soft red fruits (case 
study: raspberries) and leafy greens (case study: lettuce) as main subjects for this thesis on 
NoV in fresh produce. The relevance of these two matrices as vehicle of NoV outbreaks is 
also strengthened by the recent publication of two scientific opinions of EFSA concerning 
NoV in leafy greens eaten raw in salads (EFSA BIOHAZ Panel 2014b) and NoV in berries 
(EFSA BIOHAZ Panel 2014a). 
    
 
 
Table 1.1. Foodborne outbreak table summarizing outbreaks due to contaminated fresh produce due to NoV or HAV. 
 Implicated 
food 







 Lettuce HAV USA 1988 USA 202 (2 deaths) Contamination at farm-level Rosenblum et al. 1990 
 Salad food HAV Finland 1996 (imported) 18 & 12  (2 
unrelated FBO) 
 Pebody et al. 1998 
 Rocket salad HAV Sweden 2000-
2001 
(imported) ≥16 Contamination before sale Nygard et al. 2001 
 Green salad Norwalk 
virus 




Suspected cross-contamination by raw 
seafood 
Griffin et al. 1982 
 Lettuce Norwalk 
virus 
USA 1981  92 Food handler (FH) suspected Alexander et al. 1986 
 Salad Calicivirus 
genogroup 2 
Canada 1998  48 (68%) Pre-symptomatic FH Gaulin et al. 1999a 
 Salad  NoV Israel 1999  159 Infected FH suspected Grotto et al. 2004 







2000  333/ 44% FH involvement was suggested as cause Anderson et al. 2001 
 Salad  NoV (GII.7) Austria 2006  182/ 56% FH involvement confirmed Schmid et al. 2007 
 Mixed salad NoV (GII.4) UK 2007  34/ 86-95% FH was ruled out, presence of different 
subtypes in stool suspected 
contamination through exposure to 
sewage. 
Showell et al. 2007 
 Salads NoV (GII.6) UK 2007  79 (57% - 73%) FH involvement confirmed (in pre-
symptomatic phase during salad 
preparation) 
Vivancos et al. 2009 
 Salad buffet 
vegetables 
NoV (GI.3) Sweden 2007  413/ 24% FH involvement confirmed Zomer et al. 2010 
 Salad 
vegetables* 
NoV (GII.4) Japan 2007 / 23  Oogane et al. 2008 
  
 
 Lettuce salad 
and soup 
NoV (GII.4) Portugal 2008  16/ 73%   Mesquita and 
Nascimento 2009 
 Salad  NoV (GII.4) Germany 2009  27 FH involvement confirmed Wadl et al. 2010 
 Lettuce* NoV (GI & 
GII) 
Denmark 2010 France 260/ 54%  
(11 outbreaks) 
All FBO linked to the same kind of 
lettuce and the same supplier (2 batches) 
suggesting contamination at  
Ethelberg et al. 2010 
      farm-level. Lettuce was believed to be contaminated with 
multiple non-zoonotic pathogens (≠ GI & GII NoV, ETEC) 
leading to the speculation that human fecal matter may 
have been the source of contamination, possibly via 
contaminated water. 
 
 Green onions HAV (IA) USA 1998 Mexico or 
USA 
43 Suggested contamination at farm-level 
(remark that green onions require 
extensive handling during harvesting) 
Dentinger et al. 2001 
 Green onions HAV USA 2003 Mexico 601/ 18%  
(3 deaths) 
Prior to restaurant delivery; Suspected 
contamination at farm-level 






USA /  >1000 
 
Celery component was exposed to non-
potable water, expected to be the source 
Warner et al. 1991 
 Potato salad SRSV 
genotype II 
U.K. /  55 (50%) Contaminated by contaminated sink 
used to clean vegetables 
Patterson et al. 1997 
 Pumpkin salad Norwalk-
like virus 
Sweden 1999  (27%) Infected FH  Gotz et al. 2002 
 Mixed raw 
vegetables 
NoV (GII.1) Finland 2006 / > 400 
(10 canteens) 
Epidemiologic evidence suggests 
vegetables originating from a single 
provider as vehicle suggesting 
contamination before arrival in the 
canteens. 
Makary et al. 2009 
 Dried radish 
salad 
NoV (GII.4) Korea 2008  117 Infected FH suspected Yu et al. 2010 
Cabbage 
kimchi* 
NoV (GI.3) Korea 2011 Korea 451 Groundwater used for processing of the 
cabbage was identified as source since 
GI.3 NoV was detected in the water 
(homology >99.4% with clinical sample and 
isolate from kimchi) 
Cho et al. 2014 





HAV Scotland 1983 Scotland 24 Suggested contamination at picking 
stage; cases were reported in the area at 
the time of picking 
Reid and Robinson 1987 
 Frozen 
raspberries 
HAV Scotland 1988 Scotland 5/ 71% Infection confirmed of a picker (FH) at 
the farm.  
Ramsay and Upton 1989 





Finland 1998 East Europe 509/ 65% Served as a dressing  Pönkä et al. 1999a; 
Pönkä et al. 1999b 
 Frozen 
raspberries* 
NoV Sweden 2001 / 30 / Le Guyader et al. 2004 
 Frozen 
raspberries 





Denmark 2005 Poland 1043/ 82% in 
one of the FBOs 
(6 outbreaks) 
5 of 6 point source FBO linked to the 
same batch of frozen raspberries from 
several small farms in Poland 
Falkenhorst et al. 2005; 
Korsager et al. 2005 
 Frozen 
raspberries  
NoV Sweden 2006 China 43/ 40%-91%   
(4 outbreaks) 
 Hjertqvist et al. 2006 
 Frozen 
raspberries* 




All outbreaks were traced to the same 
batch of imported raspberries 








GI in 1/13 
Finland 2009 Poland 900/ 49% in one 
of the FBOs  
(13 outbreaks) 
Some FBO were traced back to the 
same contaminated batch of frozen 
raspberries. 
Sarvikivi et al. 2012 













162 (0 death)  CDC 2013 








 1444 (23% 
confirmed): 
/ Chiapponi et al. 2014; 



















Italy => 90% of 
cases 
2014; Guzman-Herrador 










Canada 2012 Egypt 6  Swinkels et al. 2014 
 Frozen 
strawberries 
HAV USA 1990 USA 28/ 8-10% 
(2 outbreaks) 
Contamination occurred likely by an 
infected picker (FH) 






1997 Mexico 242/ 0.2-14% Possible contamination during 
harvesting (limited hand hygiene, 
removed berry calyx with fingernails) 
















103 / Nordic outbreak 
investigation 2013; 









Germany 2012 China 10 950  Mäde et al. 2013; 







43  Suggested contamination at farm-level 
by infected FH or by fecally polluted 
groundwater (pit latrines were located 
in and near orchard, with no hand-
washing facilities) 
Calder et al. 2003 
NoV: norovirus; HAV: hepatitis A virus; SRSV: small round structured virus; ETEC: enterotoxigenic E. coli *: the viral agent was also recovered from the food samples; /: 
data not reported; FH: food handler; 
†
: a recombinant genotype with combination of genotypes II.16 (viral polymerase) and II.13 (viral capsid).




NOV DETECTION IN IMPLICATED FOOD 
Development of detection methods for viruses in food matrices besides shellfish only 
started in the early 2000s, explaining the lack of viral detection in food matrices linked to 
FBO in the early years. However the fact that NoV have a low infectious dose, combined 
with the inability of current detection methods to detect low doses in food, and the possible 
non-homogeneous contamination within a lot, ensures that even today it is still difficult to 
detect the viral pathogen in food (both in outbreak and non-outbreak situations). This can 
also be noted in outbreak Table 1.1. as in only eleven outbreaks the viral pathogen was 
detected in the implicated food type. The need for further development of sensitive NoV 
detection methods, combined with the complexity of the food matrix, also hinders 
sequencing attempts (e.g. in Swinkels et al. 2014). As such virus strain matching in food 
and patients is rarely obtained for foods other than shellfish (Verhoef 2011), since the level 
of viral contamination is often too low to allow sequencing. Due to these inherent 
difficulties, source attribution in most outbreak investigations is mainly based upon 
epidemiological investigations such as case-control studies. 
In 11/42 of outbreaks listed in Table 1.1. food handlers at the catering/large-kitchen stage 
were suspected or implicated as source of contamination, especially in case of salads and 
leafy greens. Rarely source tracking was able to pin-point possible contamination routes at 
farm-level. Although, this route is likely underrated in NoV outbreaks due to inherent 
difficulties of source tracking and detection of viruses in environmental samples other than 
stool samples of e.g. food handlers. 
CONSEQUENCES OF REPEATED ASSOCIATION OF A DEFINED FRESH PRODUCE 
COMMODITY WITH LARGE VIRAL OUTBREAKS 
The fact that specific food commodities have been repeatedly linked to large viral 
outbreaks has had a repercussion on which fresh produce items will be scrutinized more 
elaborately at the level of import controls performed by government/industry. The 2012 
NoV outbreak in Germany involving over 10,000 cases due to the consumption of desserts 
based upon contaminated frozen strawberries had a repercussion on legal requirements for 
import control in Europe. As such, from 1 January 2013, a European Union (EU) 
regulation (Regulation (EC) No 1235/2012) requires 5% of consignments of (frozen) 
strawberries imported from China into the EU to be tested for NoV and HAV (Anonymous 
2012a). Also following the recent multi-member state outbreak of HAV in Europe, 
possibly linked to frozen berries, implementation of enhanced sampling schemes for frozen 
berries at the processing and distribution level was considered as a possible mitigation 





In the event of an outbreak the action plan can consist of a recall when the implicated food 
is identified (CDC 2013), but also recommendations for handling frozen soft red fruits 
have been communicated. In some cases these recommendations are primarily directed to 
the caterers and large scale kitchens (e.g. in BfR 2013), while in other cases also the 
consumer is addressed. As such, due to the large outbreaks in four Nordic countries 
implicating frozen berries, authorities have recommended to boil all frozen berries before 
consumption as a mitigation strategy (Gillesber Lassen et al. 2013) since the specific 
implicated batch of berries or berry mix was not yet identified. In Denmark for example, 
this resulted in an amendment of the decree on food hygiene (Anonymous 2012b). 
Following the recent multi-member state outbreak of HAV in Europe, recommendation to 
heat frozen berries before consumption has also been communicated in some of the 
affected Member States (i.e. Ireland, Italy, Norway) (ECDC 2014; Guzman-Herrador et al. 
2014). However, the recommendation for all catering and other large-scale kitchens not to 
serve unheated frozen berries is not new and has been mentioned earlier in e.g. Pönkä et al. 
(1999a) and Koopmans et al. (2002). Heating of frozen berries should especially be 
considered when serving sensitive groups such as in health care facilities. 
The increased association of viral outbreaks with soft red fruits in the past years has led to 
an increased focus on these food commodities and possibly explains partly the high 
amount of RASFFs reports on soft red fruits, especially in the Nordic countries that 
experienced multiple outbreaks the past years due to soft red fruits. As such RASFFs do 
not give an unbiased view on the identity of most commonly associated fresh produce 
items with viral presence. When searching the RASFFs database for the last 5 years (i.e. 
January 2010- half September 2014) with search term ‘Norovirus’ as subject, ‘fruits and 
vegetables’ as product category and ‘pathogenic micro-organisms’ as hazard category, this 
resulted in 21 reports due to soft red fruits, 2 reports due to leafy greens and no reports due 
to other fresh produce matrices.  




1.1.3. Detection strategy 
Investigation of FBO, which includes source tracking, is important to limit current 
outbreaks and to understand the risk factors present that facilitated the occurrence of this 
outbreak. A better understanding of how the product became contaminated is crucial for 
developing long-term prevention measures along the chain. The availability of detection 
methods for foodborne viruses in the food matrix and in the environment is hence 
indispensable to facilitate FBO investigations. As such in the German outbreak due to NoV 
contaminated strawberries in 2012, a timely identification of the implicated food product 
actively contributed to limit the ongoing outbreak as over 11 tons of strawberries of the 
incriminated batch could be recalled before it could reach the consumer (Bernard et al. 
2014). The availability of detection methods is also important to allow risk-based sampling 
at processing level as part of the HACCP for viral hazards by e.g. facilitating risk-based 
sampling of suspected lots of frozen berries originating from affected countries (e.g. 
endemic countries) and to validate the effect of possible mitigation strategies further in the 
chain such as e.g. effect of washing on the viral load. 
The general strategy for the detection of foodborne viruses in food and environmental 
samples consists of two steps: (i) virus extraction and/or concentration, and (ii) the 
detection step.  
Remark that during this detection protocol several controls, such as a sample process 
control virus (PC) and an amplification control, are included as quality control for the 
efficiency of the extraction/concentration protocol and the functioning of the PCR step (i.e. 
to control for potential presence of inhibitors of the PCR reaction). The inclusion of these 
controls together with the necessary negative and positive controls is imperative and as 
such requested by ISO/TS official method for assurance of the absence of false-negative 
and false-positive test results. More information on these controls and other controls 
generally included during the detection step and their interpretation is available in literature 
(D'Agostino et al. 2011; Anonymous 2012c; Stals et al. 2012a, 2012b). Commonly used 
viruses as process extraction control include murine norovirus (MNV) (e.g. in Stals et al. 
2011a), genetically modified mengovirus (vMC0) (e.g. in El-Senousy et al. 2013), feline 
calicivirus (FCV) (e.g. in Mattison et al. 2010) and MS2 phages (e.g. in Scherer et al. 
2010). Ideally PC viruses should be: (i) unlikely to naturally contaminate the tested food 
sample, (ii) safe to handle and easy to cultivate, and (iii) genetically related to the tested 
virus and ideally have a similar extraction efficiency as the virus under study (Stals et al. 
2012a). Other less commonly used sample process control viruses are e.g. bovine 
enterovirus type 1 (e.g. in Loutreul et al. 2014), PP7 bacteriophage (e.g. in Brandao et al. 





In the following two paragraphs a short introduction will be given to the commonly used 
viral extraction methods in food matrices and in environmental matrices (i.e. surfaces and 
hands, and water matrix), and the commonly used detection methods. In a last paragraph 
available data concerning the presence of foodborne viruses in fresh produce (soft red 
fruits & leafy greens) will be presented. For further information references will be given to 
relevant reviews in literature. 
1.1.3.1. Virus extraction from food and environmental samples  
VIRUS EXTRACTION FROM FRESH PRODUCE 
For virus detection in food a whole range of virus extraction methods are available. This 
variety of protocols can be grouped into three main approaches: (i) (acid adsorption) 
elution – concentration; (ii) direct extraction of the viral RNA from the food matrix, which 
excludes the elution – concentration step, and (iii) extraction of viruses from the food via 
proteinase K treatment. For more information on each of these protocols, references are 
available of relevant reviews (Bosch et al. 2011; Croci et al. 2008; Hartmann and Halden 
2012; Stals et al. 2012a). The choice of the ideal extraction method depends on the food 
matrix under study. For water-based foods such as fresh produce, the most popular 
extraction method is the elution-concentration method, which is also selected in the recent 
ISO/TS protocol for extraction of HAV and NoV from soft fruits and salad vegetables 
(ISO/TS 15216-1 (2012)). As the name suggests, the method consist of an elution stage 
followed by a concentration stage. During elution the food product is brought into contact 
with an alkaline buffer, which allows the viral particles to detach from the food matrix. 
When fresh produce is analyzed, frequently pectinase is added to the elution buffer to 
prevent jelly formation in the eluate by breaking the pectin bonds in fruits and vegetable 
matrices (Dubois et al. 2002). As the elution process is facilitated only by mild shaking, 
mainly foodborne viruses on the surface of the fresh produce are targeted. However in 
situations in which internalization of the viral pathogens is expected other methods should 
be used that e.g. include homogenization of the sample, followed by centrifugation to 
remove the plant debris, or make use of direct RNA extraction. Such methods have been 
used in research studies that investigated the transmission route of virally contaminated 
water, although in these articles only small portions of fresh produce were sampled (e.g. 
Esseili et al. 2012b; Hirneisen and Kniel 2013a; Wei et al. 2011). As such, if 
internalization would be found relevant in certain situations, implemented standard 
methods contain a lack of methods that are able to detect internal contamination. 
Concentration of the eluted viral particles may be achieved by using polyethylene glycol 
(PEG) as suggested by the ISO/TS 15216-1:2012, or by ultracentrifugation (Kurdziel et al. 
2001; Rzeutka et al. 2006), ultrafiltration (Scherer et al. 2010), organic flocculation (El-




Senousy et al. 2013), immunoconcentration (Tian et al. 2011) and cationic separation (e.g. 
the automated Pathatrix
TM
 separation system (Papafragkou et al. 2008; Stals et al. 2012a). 
In case of soft red fruits, a matrix prone to cause inhibition in subsequent molecular 
detection steps, often a further clarification step is required. An organic solvent purification 
step, using chloroform/butanol to separate the RNA in the aqueous phase, has been 
suggested in the ISO/TS 15216-1 and in literature (Schrader et al. 2012). 
Despite the selection of this elution-concentration method in the ISO/TS 15216-1, this 
extraction method is far from perfect. Obtained recoveries (0.1% (Mäde et al. 2013) - 
>40% (Loutreul et al. 2014)) can vary depending on the matrix and the virus under study. 
As such, obtained mean recovery efficiencies are continuously lower for raspberries when 
compared with mean recoveries obtained for e.g. lettuce (Scherer et al. 2010; Loutreul et 
al. 2014). But also high variations in recovery efficiency are observed during screenings in 
which the food matrix and the virus type (the process control) are kept constant (e.g. 
recovery efficiency of 41% ± 33% for lettuce in Loutreul et al. 2014). As such, in research 
they continue to tackle these problems encountered using the current extraction protocols 
and new research material is continuously published (Coudray et al. 2013; Hida et al. 2013; 
Shinohara et al. 2013). 
VIRUS EXTRACTION FROM ENVIRONMENTAL SAMPLES 
Concerning environmental sample analysis, the extraction and concentration methods for 
detection of enteric viruses from surfaces and hands, and water will be discussed briefly. 
For the detection of enteric viruses on surfaces and hands, swabbing is increasingly being 
used during outbreak investigations (Boxman et al. 2009) and in environmental research 
studies (Boxman et al. 2011). Used methods can differ in the type of swab implement used, 
the type of wetting liquid, the type of eluent and elution/extraction strategy (Julian et al. 
2011). As for the implement, different types of swabs (e.g. cotton, polyester, rayon, 
flocked nylon swabs) and (electrostatic) cloths (e.g. Sodibox swab fabrics, sterile gauze 
swabs (Smith & Nephew)) have been used for detection of enteric viruses on different 
surfaces. Strategies used for elution/extraction of viruses from the implement generally 
comprise mainly of two categories: (i) elution of viruses from swab followed by nucleic 
acid extraction of the eluent, and (ii) direct RNA extraction from implement. Both 
strategies are currently applied. Strategy one has been used in the recent VITAL project 
(e.g. in Maunula et al. 2013; Kokkinos et al. 2012) and strategy two has been proposed by 
the ISO/TS 15216-1. Despite the implementation of a strict swabbing protocol, recoveries 
obtained during swabbing studies are characterized by high standard deviations (e.g. range 
of 1%-38% in Scherer et al. (2009)), even though the surface/swab combination and 





Concerning detection of enteric viruses in water, development of proper concentration and 
detection methods has a much longer history as compared to detection of enteric viruses in 
food matrices. As such, method development goes back as early as during the 1960s and 
1970s (Ikner et al. 2012; Cashdollar and Wymer 2013) (Figure 1.3.). This results in a large 
body of literature that is available on this topic and a multitude of different concentration 
strategies that have been developed and implemented the last 60 years.  
 
Figure 1.3. History of virus discovery and environmental virology. TMV: Tobacco mosaic 
virus; VIRADEL methods: virus adsorption/elution methods. Source: Cashdollar and 
Wymer (2013). 
Most of the methods used to concentrate viruses from large volumes of water consist of 
two concentration steps to be able to concentrate the viruses in an adequate small volume 
to be used for molecular detection or detection by cell culture. Most primary concentration 
steps are based on virus adsorption/elution processes, also named VIRADEL. This method 
involves the adsorption of viral particles to the filter media by charge interaction and 
subsequent elution of the virus by a pH-adjusted solution. Because viruses in water 
typically have a net negative charge (isoelectric point (pI) of NoV and HAV is 5.5-6.0 and 
2.8 respectively (Michen and Graule 2010)), viruses can adsorb to electropositive filters by 
electrostatic interactions. As such the two basic filters used are electropositive filters and 
electronegative filters, either in the format of cartridges or flat membrane filters. However 
in the case of the use of an electronegative filter, either the filter or the water sample needs 
conditioning to allow virus adsorption. Also glass wool matrices (electropositive charged) 
are used as filter media (e.g. Lambertini et al. 2008; Wyn-Jones et al. 2011). Another 
primary concentration method increasingly researched the last decade, is ultrafiltration. 
This method is based on size exclusion rather than charge interaction and has also been 




used for large volumes of water, e.g. 100 L groundwater samples by Olszewski et al. 
(2005). 
Commonly used secondary concentration steps are organic flocculation by e.g. acidifying 
the beef extract eluate to stimulate the formation of a virus-protein floc which then can be 
pelleted by centrifugation and redissolved in a smaller volume, and ultrafiltraton by use of 
small centrifugal ultrafilters such as e.g. Vivaspin (Sartorius-Stedim) (Cashdollar et al. 
2013), Centricon centrifugal ultrafilters (Millipore) (Soto-Beltran et al. 2013).  
Several combinations of primary and secondary concentration steps are currently in use. 
As such, both Health Canada (Simard et al. 2007) and the recently published ISO/TS 
15216-1 propose the use of a positively charged membrane filter in combination with the 
use of a centrifugal filter concentration device as secondary concentration method for the 
detection of HAV and NoV in bottled water. In the recent European VITAL project water 
samples were analyzed using electropositive glass wool in combination with organic 
flocculation (e.g. in Maunula et al. 2013). The recently developed Method 1615 by the US 
EPA for measurement of enterovirus and norovirus occurrence in water by culture and RT-
qPCR comprises the use of the electropositive NanoCeram cartridge filter (Argonide) or 
the 1MDS Virosorb cartridge filter (Cuno), with organic flocculation as secondary 
concentration method and even includes a tertiary concentration in case of detection by 
RT-qPCR using the Vivaspin ultrafilters (Sartorius-Stedim) (Fout et al. 2010). 
For further information on these concentration methods and their obtained recovery 
efficiencies and other concentration strategies, extensive reviews for detection of enteric 
viruses in water are available in literature (Gensberger and Kostic 2013; Fong and Lipp 
2005; Cashdollar and Wymer 2013; Ikner et al. 2012; Wyn-Jones and Sellwood 2001; 
Mattison and Bidawid 2009). 
1.1.3.2. Detection methods 
NoV are difficult to study because until now no practical cell culture assay or animal 
model is available for virus production and quantification (Duizer et al. 2004). However 
recently advances have been made in this area by Jones et al. (2014) who developed a cell 
culture system for human NoV (GII.4-Sydney human NoV). NoV were shown to infect 
human B cells and HBGA-expressing bacteria were identified as a potential cofactor to 
facilitate productive attachment of the virus to the epithelial cells and hence to facilitate 
infection of the B cells. Nevertheless further research is needed before practical 
implementation can be even considered. Also for HAV an efficient cell culture for 
detection of wild-type strains is lacking (Goyal 2006). Hence, for detection molecular 





for use of e.g. electron microscopy (EM) and enzyme immunoassays as mentioned earlier 
for detection in feces samples. Generally, the molecular detection strategy consists of two 
step: (i) first an RNA extraction and purification step, followed by (ii) the molecular 
detection step. 
The most popular RNA extraction methodology is based on the chaotropic agent guanidine 
thiocyanate combined with a purification method based on the adsorption to silica to assist 
purification through several washing stages. This methodology is also proposed by ISO/TS 
15216-1 and several kits are available on the market that use this strategy (e.g. NucliSens® 
easyMAG
TM
 and NucliSens MiniMAG (Biomérieux), RNeasy Mini Kit (Qiagen)). The 
removal of inhibitory compounds is a crucial step because the reverse transcriptase step 
and the PCR is highly susceptible to food-derived inhibitors (Girard et al. 2013). 
The most popular molecular detection method is reverse transcriptase polymerase chain 
reaction (RT-PCR), whether or not in real-time format (RT-qPCR). RT-qPCR is 
considered to be the gold standard for detection of NoV in clinical, food and environmental 
samples (Baert et al. 2007; Jothikumar et al. 2005). As in comparison to the conventional 
RT-PCR, this assay results in a lower detection limit, does not require post-PCR 
processing, and enables quantification of genomic copies. Generally human NoV 
belonging to GI and GII are targeted during screening, each requiring separate 
conservative primer pairs. For more information on the use of molecular detection for 
detection of foodborne enteric viruses, reviews are available (Mattison and Bidawid 2009; 
Stals et al. 2012b). 
The two main drawbacks for use of the currently implemented detection protocols are: (i) 
the limited sample volume that can be assayed using these molecular methods (normally 3 
– 10 µl), while in contrast to bacterial detection, enrichment is not possible. This stresses 
the importance of the availability of an efficient extraction and concentration method for 
detection of NoV in different matrices in order to be able to analyze representable sample 
sizes. The most important drawback (ii) is the inability of the currently used RT-qPCR 
method to differentiate between RNA detected from infectious viral particles, defective 
viruses and free RNA. Molecular methods only indicate the presence or absence of 
genomes or fragments of genomes of the target virus in a given sample and do not provide 
any information on its infectivity and hence associated health risk. As for a viral particle to 
be infective, both an intact viral capsid and intact viral genome are required (Figure 1.4.). 
Therefore, when viral RNA is detected the related health risk is not evident as infectivity 
could be lost by impairment of the capsid or incompleteness of the rest of the RNA 
genome outside the targeted section used for RT-qPCR detection. This further implicates 
the assessment of the results. 





Figure 1.4. Different virus particles and remnants present in the environment presented as 
simplified schematics of NoV particles (protein capsid and viral RNA genome), whether or 
not including impairments of capsid and/or viral RNA (visualized in red). Only one figure 
(i.e. a) represents an infectious NoV particle, but all versions can be present in the 
environment. 
1.1.3.3. Available data for foodborne viruses in fresh produce in literature 
and considerations 
In literature only limited screening studies are available for foodborne viruses (HAV and 
NoV) in fresh produce, this in contrast to the numerous screening studies available for 
NoV and HAV in shellfish (e.g. Manso and Romalde 2013; Benabbes et al. 2013) and in 
water (i.e. (reclaimed) wastewaters, surface waters, e.g. in Lee et al. 2014; Mans et al. 
2013). 
In Table 1.2., peer-reviewed screening studies are listed for foodborne viruses NoV and 
HAV in fresh produce not implicated in outbreaks, and not part of specifically designed 
transmission route studies (e.g. strawberries irrigated with river water in Brassard et al. 
2012). Studies taken up in Table 1.2. were further restricted to those that analyzed at least 
20 samples of at least one fresh produce commodity under consideration and used 
molecular detection methods. 
Keep in mind that detected prevalence is influenced by the practical limit of detection 
(LOD) (also influenced by recovery efficiency of the elution/concentration method) of the 
used detection strategy. This implies that if the recovery efficiency of the used detection 
strategy is low, there is a smaller chance of detecting viruses in the produce. As such in the 
study of Brandao et al. (2014) on GII NoV prevalence in lettuce in Brazil none of the 90 
lettuce samples were positive. However, when evaluating the detection strategy for 





efficiency of <1% was obtained for all tested samples (n=9) and not all inoculated samples 
with GII NoV tested positive (merely 6/9). This indicates that the implemented adsorption-
elution concentration method was not that efficient or inhibition of the RT-qPCR step 
played a significant role (no internal amplification control was included). Also the 
detection of the process control during the screening was inadequate as indicated in Table 
1.2. In conclusion, harmonizing the data from reported studies is difficult due to 
differences in the sensitivities of the detection methodologies employed (Baert et al. 2011). 
Remark that next to the issue of an insufficient LOD, also the presence of inhibitors co-
extracted from the sample matrix can lead to under-estimation of the prevalence of enteric 
viruses in food. As such, next to knowledge on the LOD, the inclusion of proper inhibition 
controls is crucial for correct interpretation and assessment of the results. However not all 
prevalence studies in Table 1.2. included this. 
Overall 0% to 40% of soft red fruits and 0% to 50% of leafy green vegetables tested 
positive for NoV. The presence of GI NoV clearly dominated the prevalence data for 
vegetables outlined in Table 1.2. As such in two large studies performed in France 
(Loutreul et al. 2014) and Egypt (El-Senousy et al. 2013) over 96% of NoV positives was 
attributed to the presence of GI NoV. Even though GII NoV was also detected in the 
irrigation waters analyzed for the Egyptian study. This is in accordance to the observation 
of Matthews et al. (2012), as despite the general predominance of GII NoV in NoV 
outbreaks, a significant smaller proportion of waterborne and foodborne outbreaks was 
associated with GII strains compared to other modes of transmission. In foodborne and 
waterborne outbreaks the association with multiple (GI + GII) NoV strains (e.g. in Stals et 
al. 2011b and Mattison et al. 2010) is also more common than in person-to-person and 
environmental outbreaks (Matthews et al. 2012). The relative higher prevalence of GI NoV 
in vegetables and in FBO may be explained by a greater persistence of NoV GI compared 
to NoV GII as hypothesized by e.g. Butot et al. (2009) and da Silva et al. (2007).  
Concerning the prevalence of HAV, only six screening studies were available, and in only 
one study, located in a high endemic region, HAV was detected in fresh produce. More 
prevalence data for NoV and HAV presence in fresh produce is requested for adequate risk 
assessments concerning the viral risk attributed to the consumption of fresh produce.  
 
   
 
 




Virus under study 
Commodity 
 





Numbers of genomic 
copies in positive 
samples (range or 
mean) 




Point of sale (farmer markets) 
HAV 
Lettuce (n=50 samples, pools of 5 
lettuce samples) 
2/10 pools HAV positive 4.0% - 20.0% NQ 





NoV (GI & GII) and HAV 
Endive (whole) 
Curly endive (whole) 
Rucola lettuce (whole) 
Red chicory (whole) 
Mixed salads (RTE) 
Endive (RTE) 








0.0% [0.0, 19.4] 
0.0% [0.0, 27.8] 
0.0% [0.0, 27.8] 
0.0% [0.0, 27.8] 
0.0% [0.0, 11.4] 
0.0% [0.0, 13.8] 








Mattison et al. 2010; Baert et al. 2011 
Canada 
Retail 
NoV (GI & GII) 
Packaged leafy greens 133/641 GI, 106/641 GII  =>181/641 28.2% [24.9, 31.9] 1.0 – 8.3 log10/g 
Stals et al. 2011b 
Belgium 
Company 





3/10 GI, 3/10 GII            => 4/10 
5/30 GI, 4/30 GII            => 7/30 
4/20 GI, 3/20 GII            => 6/20 
0/15 GI, 1/15 GII            => 1/15 
40.0% [16.8, 68.7] 
23.3% [11.8, 40.9] 
30.0% [14.6, 52.0] 
6.7%   [1.2, 29.8] 
2.45 – 3.70 log10/10g 
4.07 – 5.04 log10/10g 
2.29 – 4.10 log10/10g 
4.64 log10/10g 
Baert et al. 2011 
France & Belgium 
Company 
NoV (GI & GII) 
Raspberries (n=142) and 
strawberries (n=8) (France) 
Leafy greens          (France) 
Leafy greens          (Belgium) 
3/150 GI, 9/150 GII          => 10/150 
 
2/6 GI, 1/6 GII                => 3/6 
2/6 GI, 0/6 GII                => 2/6 
6.7%   [3.7, 11.8] 
 
50%    [18.8, 81.2] 
33.3% [9.7, 70.0] 
2.4 – 5.8 log10/g 
 
2.0 – 3.5 log10/g 
1.9 – 3.1 log10/g 











0/98 GI, 0/98 GII            => 0/98 
0/92 GI, 0/92 GII            => 0/92 
0/65 GI, 0/65 GII            => 0/65 
0/92 GI, 1/92 GII            => 1/92 
0/95 GI, 1/95 GII            => 1/95 
0.0%   [0.0, 3.8] 
0.0%   [0.0, 4.0] 
0.0%   [0.0, 5.6] 
1.1%   [0.2, 5.9] 










Point of sale 
NoV (GI & GII) and HAV 
Packaged leafy greens 0/80 GI, 0/80 GII, 0/80 HAV => 0/80 0.0%   [0.0, 4.6] NA 
  
 
Kokkinos et al. 2012 
Greece, Serbia, Poland 
Point of sale 
NoV (GI & GII) and HAV 
Fresh lettuce 2/149 GI  
1/126 GII 
0/149 HAV 
1.3%   [0.4, 4.8] 
0.8%   [0.1, 4.4] 
0.0%   [0.0, 2.5] 
5 PDU per 25 g
b
 




Maunula et al. 2013 
Czech Republic, Poland, Serbia 
Point of sale 




0/60 GI, 0/60 GII, 0/60 HAV => 0/60 
0/39 GI, 0/39 GII, 0/39 HAV => 0/39 
0/21 GI, 0/21 GII, 0/21 HAV => 0/21 
0.0%   [0.0, 6.0] 
0.0%   [0.0, 9.0] 




El-Senousy et al. 2013
e
 
Egypt (Nile delta) 
Farm level 






35/144 GI, 0/144 GII      => 35/144 
45/144 GI, 0/144 GII      => 45/144 
37/144 GI, 0/144 GII      => 37/144 
30/144 GI, 0/144 GII      => 30/144 
49/144 GI, 0/144 GII      => 49/144 
24.3% [18.0, 31.9] 
31.3% [24.3, 39.2] 
25.7% [19.3, 33.4] 
20.8% [15.0, 28.2] 
34.0% [26.8, 42.1] 
6.3 x 10
2
 ± 1.8 x 102 /g 
5.2 x 10
2
 ± 2.5 x 102 /g 
1.7 x 10
2
 ± 3.4 x 101 /g 
5.9 x 10
2
 ± 1.1 x 102 /g 
5.6 x 10
2
 ± 2.7 x 102 /g 
Perez-Rodriguez et al. 2014 
Spain 
Processing level 
NoV (GI & GII) and HAV 
Unprocessed lettuce 
RTE lettuce 
 5 samples/lot 
 30 lots 
2/30 GI, 2/30 GII, 0/30 HAV 
0/30 GI, 2/30 GII, 0/30 HAV => 2/30 
/ 
6.7% [1.9, 21.3] 
NQ 
NQ 
Brandao et al. 2014 
Brazil 
Point of sale 
GII NoV 
Whole fresh lettuce 
Minimally processed lettuce 










0.0%   [0.0, 11.4] 
0.0%   [0.0, 11.4] 




Loutreul et al. 2014 
France 
Company 
NoV (GI & GII) 
Chicory (unwashed) 
Lettuce (unwashed) 




Mixed berries (frozen) 
12/107 GI, 1/107 GII        => 13/107 
10/77 GI, 0/77 GII            => 10/77 
3/26 GI, 0/26 GII              => 3/26 
27/162 GI, 0/162 GII        => 27/162 
3/32 GI, 1/32 GII              => 4/32 
1/2 GI, 0/2 GII                  => 1/2 
0/4 GI, 0/4 GII                  => 0/4 
12.1% [7.2, 19.7] 
13.0% [7.2, 22.3] 
11.5% [4.0, 29.0] 
16.7% [11.7, 23.2] 
12.5% [5.0, 28.1] 
50.0% [9.5, 90.6] 








NA: not applicable; NQ: no quantification was done; CI: confidence interval; RTE: ready-to-eat; whole: unprocessed, sampled ‘raw’ crops 
a
: 95% CI was calculated using the method of Wilson with no continuity correction using an online application (http://vassarstats.net/prop1.html) 
b
: in this study, instead of using a calibrated quantitative assay a most probable number approach was used using end-point detection of RT-PCR signal in dilutions of nucleic 
acid extracted from the sample, and therefore the data are expressed as ‘PCR-detectable units’ (PDU). 
c
: Did not include any process control/inhibition control 
d
: Inherent low recovery efficiency of implemented extraction method observed during testing and unsatisfactory results obtained using PP7 bacteriophage as process control 
virus during analysis, can lead to false negative results. Giving rise to doubts on the relevance of these results. Recovery success rate of the PC was 12/30, 26/30, and 23/30 
for whole fresh lettuce, minimally processed lettuce, and RTE lettuce salad respectively. Due to low recovery efficiency and/or inhibition during the RT-qPCR step. 
e
: Raw NoV genome copy numbers measured by RT-qPCR, in duplicate, were corrected according to virus/nucleic acid extraction and RT-PCR efficiencies.




1.2. TRANSMISSION ROUTES OF NOROVIRUS RELEVANT FOR FRESH 
PRODUCE AND ENVIRONMENTAL PERSISTENCE  
Direct person-to-person contact, including transmission by aerosolized fomites, is the 
primary transmission route of enteric viruses such as NoV and hence responsible for the 
majority of outbreaks. Estimates of human NoV outbreaks due to person-to-person spread 
range from 69% to 85% in reports from the USA (Hall et al. 2014), the Food Borne Virus 
European network (FBVE) (Verhoef et al. 2010), the UK (Lopman et al. 2003), and The 
Netherlands (Siebenga et al. 2007). Besides this, identified indirect transmission routes are 
contaminated water or soil, contaminated food or contact surfaces, as illustrated in Figure 
1.5. Foodborne transmission is estimated to be responsible for approximately 22% and 
23% of NoV outbreaks in Europe (Verhoef et al. 2009) and the USA (Hall et al. 2014) 
respectively. In this literature overview the focus is on fresh produce as a vehicle for 
foodborne norovirus outbreaks, and more specific leafy greens (e.g. lettuce) and soft red 
fruits (e.g. raspberries), which have been repeatedly linked with viral FBO as was 
illustrated in outbreak Table 1.1. 
 
Figure 1.5. Schematic overview of the fecal-oral transmission route of human infective NoVs. 






Viral transfer to fresh produce may be divided into two phases: contamination taking place 
pre-harvest and contamination taking place during harvest or further post-harvest 
processing. Enteric viruses such as NoV and HAV follow the fecal-oral transmission route, 
and NoV can also be transmitted through aerosolized vomitus. A person infected with NoV 
can shed up to 12 log10 viruses (RT-PCR) per g feces (Atmar et al. 2008) and >10
6
 NoV 





 particles/g of feces during infection (Sanchez 2013). 
As both human NoV and HAV are currently believed to be non-zoonotic viral pathogens, 
their sole host and means of replication are human cells and hence the primary cause of 
contamination is contact with (residue of) infected and shedding people. Next to the high 
viral load during shedding and the low infectious dose, also environmental persistence 
facilitates water- and foodborne spread of enteric viruses such as NoV and HAV. Hence in 
this section, next to the casus of the contamination of fresh produce, also environmental 
persistence will be included during each of the stages of the farm-to-fork production chain. 
Both knowledge on transmission routes and persistence are key to identify possible 
prevention and control efforts for risk mitigation. 
In Figure 1.6. a schematic depiction of a risk assessment framework is given for the 
presence of NoV in the fresh produce chain. This framework illustrates the possible 
sources of contamination of NoV input(s) from farm-to-fork chain and the influencing 
factors that could affect the viral persistence and thus the potential risk to the consumer. 
1.2.1. Pre-harvest contamination 
In the following paragraphs the persistence and transmission by means of contaminated 
seeds, soil, and water at the pre-harvest level will be discussed more in detail, ending with 
a paragraph on the persistence of enteric viruses on the crops in the field. 
1.2.1.1. Contaminated seeds 
The life cycle of plants starts with a seed. Contaminated seeds have been identified as a 
major cause for outbreaks with sprouted seeds (Yang et al. 2013): e.g. the large European 
outbreak in 2011 associated with fenugreek seeds contaminated by Escherichia coli 
O104:H4 (Buchholz et al. 2011). In all these outbreaks foodborne bacteria, such as various 
serotypes of Salmonella and E. coli O157:H7, have been identified as the cause (Yang et 
al. 2013; Harris et al. 2003). 
   
 
 
Figure 1.6. Basic risk flow framework addressing sources of NoV input(s) from farm-to-fork and elements that could affect viral persistence in the 





However viral outbreaks have not yet been linked to sprouted seeds and therefore bacterial 
pathogens were the subject in multiple studies conducted to better understand the 
interaction of the pathogens with seeds and resulting sprouts (Castro-Rosas and Escartin 
2000; Gomez-Aldapa et al. 2013). Nevertheless, to understand whether viral contaminated 
seeds could also pose a threat to human health, Wang et al. (2013a) investigated the 
persistence of HAV and human NoV surrogates MNV and TV on alfalfa seeds during 
storage and on sprouts after a 7-day germination period (Wang et al. 2013b). During this 
study it was concluded that HAV, and surrogates MNV and TV could persist for a 
prolonged period on the surface of the alfalfa seeds as the viruses remained infectious after 
50 days. Following a 7-day germination period, viruses were located in all tissues as well 
as in sprout-spent water sampled on several occasions during germination (Wang et al. 
2013b). As such good agricultural practices (GAP) during production of seeds, possibly 
followed by postharvest intervention measures, and appropriate control measures to 
prevent cross-contamination due to reuse of water during germination should also focus on 
enteric viruses as a possible contaminant.  
1.2.1.2. Contaminated soil, contaminated manure or sludge 
Another route of contamination for fresh produce is soil. Although specific FBOs due to 
fresh produce linked to viral contaminated soil are missing, proof of concept has been 
demonstrated in a study by Wei et al. (2010). Attachment of a NoV surrogate (MNV-1) 
was observed upon contact of lettuce with spiked treated sludge and manure. Hence viral 
presence in soil due to soil amendment with these matrices may increase the risk of fresh 
produce contamination (Wei et al. 2010). Experimental field studies on transfer of bacterial 
pathogens onto fresh produce due to amended soils are present in literature (e.g. Ongeng et 
al. 2011). 
Contaminated soil, manure and sludge implies a risk of introducing pathogens on 
vegetables and other crops either directly through direct soil-plant contact, soil splashing 
due to rain or irrigation, or due to formation of aerosols/dust, or indirectly via 
contamination of irrigation water, run-off from or flooding of neighboring surroundings. 
As the human enteric viruses under study, NoV and HAV, are generally strictly confined to 
humans as their sole hosts, unlike for some bacterial pathogens, application of cow dung or 
manure of other animals to the soil as fertilizer does not contribute to viral contamination 
of the produce. However application of manure or slurry contaminated with excrements of 
human origin, or the proximity of a latrine may pose a risk. A second source of viral 
contamination of the soil is the application of sludge. Sludge originates from the process of 
waste water treatment and hence might contain next to heavy metals high loads of 
pathogens (viruses, bacteria etc.) present in waste waters. Sludge might be applied to 




agricultural lands to enrich the soil with valuable organic matter and nutrients. Usually the 
sewage sludge should have been subjected to treatment methods that are intended to reduce 
the number of pathogens while retaining beneficial properties for fertilization and other 
soil amendment and land reclamation purposes (US EPA 2011).  
There are strict requirements for the use and application of sewage sludge on farmland 
where crops such as salads and vegetables are grown. As such, directive 86/278/EEC states 
that sludge shall be treated before use in agriculture. EU member states can reinforce 
specific treatment requirement. For example in the UK only the use of enhanced treated 
sludge (~biosolids) is allowed for fresh produce crops, defining enhanced treatment as a 
treatment process capable of ensuring a 6 log10 reduction in pathogens (BRC et al. 2001). 
However a 6 log reduction of enteric viruses can be challenging as three of the most 
common treatment techniques for sewage sludge reviewed in Viau et al. (2011) (i.e. 
mesophilic anaerobic digestion, temperature-phased/thermophilic anaerobic digestion, and 
composting) resulted only in mean reductions ranging from 1.3 to 2.4 log10 PFU for 
enteroviruses and adenoviruses. A second requirement is the instalment of a 10 month 
harvest interval between application of the sludge and harvest of these fresh produce crops 
(~withholding period) (Council Directive 86/278/EEC).  
These high requirements are not met around the world, as the application of untreated 
sludge or poorly treated sludge is still common practice in several regions of the world 
(Levasseur et al. 2007). It is assumed that enteric virus numbers in sludge would at least be 
similar, probably greater than, those reported in wastewater. Although exact data on 







 dry weight in raw sludge) (Sidhu and Toze 2009), some 
data confirming the possible presence of HAV, NoV, AdV and RV are available 
(Schlindwein et al. 2010; Wei and Kniel 2010; Prado et al. 2014). 
Concerning the persistence of enteric viruses in soil (amended with treated sludge, manure 
or feces), temperature and moisture are primary factors influencing persistence. 
Nonetheless, persistence was also found to be dependent on the virus-type and soil 
type/conditions (e.g. pH) (Hurst et al. 1980). Microorganisms tend also to survive longer in 
sub-surface soil as the soil surface is generally harsher to microbial survival because of 
desiccation and exposure to solar radiation (Song et al. 2006). Overall, both relatively short 
term (e.g. 11 days persistence of poliovirus in soil in Ohio in summer (Tierney et al. 1977)) 
and long term persistence (e.g. ≥6 month persistence of coxsackievirus in soil in winter in 
Denmark (Damgaardlarsen et al. 1977)) of enteric viruses in (amended) soils have been 
observed. More detailed reviews on persistence in (amended) soil, feces and/or biosolids 





1.2.1.3. Contaminated water  
Water has been identified as another environmental route of contamination of fresh 
produce next to soil (Steele and Odumeru 2004; Pachepsky et al. 2011). Intentional 
application of water at the farm stage includes the use of water for irrigation, the use of 
water to dissolve and apply chemicals (e.g. fungicide, pesticide, insecticide) to the produce 
and the use of water for cleaning of equipment. In this paragraph proof of concept, general 
description of the transmission route by irrigation water and influencing factors, presence 
and persistence of enteric viruses in relevant water matrices, route of contamination of 
water, and influence of extreme water-related weather events will be discussed 
successively. 
PROOF OF CONCEPT 
Proof of concept for contaminated irrigation and spray water as relevant transmission route 
for enteric viruses is available in literature. As such, links to a major outbreak in Czech 
Republic in 1979 (28 880 ill persons) specifically linked to HAV contaminated frozen 
strawberries due to wrongful irrigation with sewage can be found (LeggeÄ 1997; 
Vasickova et al. 2005). However viral FBO due to possible contamination as a result of 
vegetable or fruit spraying with insecticides and fungicides mixed with contaminated water 
were not found in literature. Nevertheless this route of contamination has been suspected as 
the cause of a FBO due to raspberries contaminated with Cyclospora cayetanensis in the 
USA (1996) (CDC 1996; Herwaldt et al. 1997; Palumbo et al. 2013). Besides, the 
relevance of these two transmission routes for viral pathogens has been proven during 
experimental field studies (Brassard et al. 2012; Cheong et al. 2009) and by the use of 
QMRA (Stine et al. 2011; Stine et al. 2005b).  
GENERAL DESCRIPTION OF THE TRANSMISSION ROUTE BY IRRIGATION WATER 
AND INFLUENCING FACTORS 
Viral contamination of plants by means of irrigation water may occur in two ways, either 
by direct contact like by spray or splash, or through internalization into the tissue via the 
root system of the plant. However a recent review on internalization of human enteric 
pathogens (both bacteria and viruses) considers the risk of root uptake of pathogens into 
produce through the roots via contaminated soil (e.g. by irrigation) as relatively low 
(Hirneisen et al. 2012). Nevertheless, for studies in which plants are grown in viral 
contaminated hydroponic solution, high contamination levels of enteric viruses in edible 
plant tissue have been demonstrated, e.g. contamination levels exceeding 4 log10 GC/plant 
for HAV and MNV-1 have been found in all portions of both green onion and spinach 
plants, including the edible portions (Hirneisen and Kniel 2013a). Transpiration is the 
driving force for water absorption, and the majority (96%) of water is taken up by the plant 
through transpiration. As such transpiration has been suggested as the major force for virus 




uptake through roots (Wei et al. 2011) and hence uptake can be described as passive. 
Similar as for bacteria, direct contact of water with produce (e.g. spray, washing) can also 
lead to internalization or physical entrapment of viruses in lettuce via both the stomata and 
cut edges and hence protecting viruses from washing and sanitation (Wei et al. 2010). In 
contrast to bacteria, viruses are considered non-living when they are outside their hosts and 
consequently the attachment of viruses to stomata or to a cut edge is a matter of probability 
rather than preference as viruses cannot move to specific locations on the plant epidermis 
(Wei et al. 2010; Hirneisen and Kniel 2013c). Nonetheless, viral attachment/adsorption to 
food surfaces can depend on virus-specific factors (e.g. virus isoelectric point (pI), 
presence of food-specific ligands), food (surface) factors (e.g. presence of virus-specific 
ligands, access to food interior) (Esseili et al. 2012a) and extrinsic factors (e.g. pH and 
presence of substances competing for binding) (Vega et al. 2005; Le Guyader and Atmar 
2008). For example, using confocal microscopy Gandhi et al. (2010) observed that 
recombinant norovirus-like particles localized in clusters on the veins of romaine leafs 
rather than with an even distribution throughout the romaine leaf, implying that binding 
may involve a specific ligand(s) on the leaf surface. 
Transfer of organisms from water to produce surfaces via irrigation is influenced by 
irrigation method (Alum et al. 2011; Song et al. 2006) and the type of produce (e.g. soil-
effluent-plant contact situations and surface properties) (Bastos et al. 2008). Irrigation 
method is an important factor as choosing an optimal strategy can minimize the contact of 
irrigation water with the aboveground portion of the crop and hence lower the risk of viral 
contamination. As such, in a field study by Stine et al. (2005b) no viral contamination of 
lettuce was detected when grown using sub-surface drip irrigation practices, while the use 
of furrow irrigation led to contaminated lettuce. Other commonly used irrigation systems 
are sprinkler irrigation, and surface drip (Wei and Kniel 2010). Crops irrigated with 
sprinkler and furrow systems may have a higher chance of direct contact with viruses and 
are hence  considered to be more hazardous for fresh produce crops such as lettuce (Wei 
and Kniel 2010). Remark that transfer from contaminated water to fresh produce can also 
occur through aerosols formed e.g. during sprinkler irrigation and viruses have the 
characteristic to be transferred more easily and over a larger area compared to certain 
indicator bacteria (e.g. coliforms) (Teltsch et al. 1980). As such, several studies have 
identified subsurface drip irrigation as a tool to mitigate microbial risks of crops (Alum et 
al. 2011; Song et al. 2006). However non-favorable soil and field conditions such as the 
use of a shallow drip tape installation and preferential water paths through cracks on the 
soil surface are suggested to be able to lead to viral contamination in sub-surface drip 
irrigation plots (Choi et al. 2004). Concerning the influence of produce type, leafy 





ground, are identified to be especially vulnerable to viral contamination through irrigation 
(Hamilton et al. 2006). High growing plants such as bell peppers show lower microbial 
contamination levels when irrigated at soil level compared to low growing crops such as 
lettuce (Bastos et al. 2008). As such, both furrow irrigation and subsurface irrigation did 
not lead to viral contamination of bell peppers during field studies (Stine et al. 2005b; Song 
et al. 2006). Nevertheless in a study by Alum et al. (2011) contamination of tomato fruits 
and cucumber fruits occurred using surface drip irrigation, while no viruses were detected 
on the fruits when subsurface drip irrigation was used. 
PRESENCE AND PERSISTENCE OF ENTERIC VIRUSES IN RELEVANT WATER 
MATRICES 
Presence of enteric viruses has been demonstrated in all sorts of waters generally used for 
irrigation of produce. As such NoV have been detected e.g. in ground water wells in the 
USA (Fout et al. 2003), Korea (Cheong et al. 2009; Park et al. 2010b) and Italy (Gabrieli et 
al. 2009); in canal waters in the USA (Kayed 2004); in reclaimed wastewater, and in river 
water samples all over the world (Poland (Kozyra et al. 2011), the Netherlands (Westrell et 
al. 2006), Japan (Haramoto et al. 2005), South-Africa (Mans et al. 2013)). For instance in 
water from the Nile Delta, used for irrigation of fresh produce in Egypt, concentration 
around 10
2
 genomic copies per liter were found for both GI and GII NoV (El-Senousy et 
al. 2013). Sources of irrigation water can be generally ranked by the microbial 
contamination hazard: in order of increasing risk these are potable or rain water, 
groundwater from deep wells, groundwater from shallow wells, surface water, and finally 
raw or inadequately treated wastewater (Pachepsky et al. 2011). 
The omnipresence of enteric viruses in these waters can be explained by (i) the 
recalcitrance of enteric viruses such as noroviruses towards wastewater treatments as 
viruses have been detected in both influent and effluent waters (Battistone et al. 2014; da 
Silva et al. 2007; Sidhu and Toze 2009), (ii) the lack or deficient state of current sewage 
systems and the omnipresence of viral contamination sources such as leaking septic tanks, 
latrines, combined with a higher potential for transport in soil compared to e.g. bacteria 
(Hijnen et al. 2005), and (iii) the high persistence of enteric viruses in these waters. As 
such, it is demonstrated that NoV (GI.1) can remain infectious for at least two months in 
groundwater (dark, RT) and can remain detectable over three years (Seitz et al. 2011). In 
case of human AdV, long-term survival studies indicated persistence in ground water over 
a year (Charles et al. 2009). In general, mean inactivation rates of viruses in fresh water are 
less than 1 log10 per day, indicating that viruses can persist in freshwater sources for 
prolonged periods of time (Rzezutka and Cook 2004). Persistence of surrogate virus MNV-
1 has also been observed in reconstituted pesticides (Verhaelen et al. 2013b). PCR 
detection has often been observed to overestimate the viral risks due to detection of 




infectious and defective particles. With time, the ratio of infectious particles to genomic 
copies (molecular detection) has been observed to decrease and as such this ratio is partly 
depending on the ‘age’ of contamination (De Roda Husman et al. 2009). The persistence of 
enteric viruses in water is known to be affected by temperature, virus association with 
solids, exposure to light (UV), and the presence of indigenous microbiota. These are all 
factors that are known to be substantially different from one geographical location to 
another (Bosch et al. 2006; John and Rose 2005). 
ROUTE OF CONTAMINATION OF WATER 
The main route of contamination of surface waters is by sewage and contaminated effluent 
waters of ineffective wastewater treatment plants (WWTP). Factors controlling the 
occurrence of viruses in surface waters are type of sewage treatment in place, type of 
disinfectant, time of the year, incidence of infection in the community and precipitation 
(Gerba 2007). Sources of viruses in groundwater are leaking septic tanks and sewer lines, 
unlined landfills (e.g. diaper disposal), wastewater irrigation or land application of sludge, 
subsurface injection of wastewater, and (infiltration from) nearby contaminated surface 
water (Gerba 2007; Borchardt et al. 2004). Pathogen movement in soil is generally affected 
by filtration and adsorption (Lewis et al. 1980). When studying the transport of multiple 
microorganisms (e.g. bacteria, protozoa, viruses) in soils the largest travel distance can be 
predicted for viruses (Hijnen et al. 2005). In case of viruses, removal appears to be 
dependent almost entirely on adsorption, which is a reversible phenomenon (Lewis et al. 
1980). This adsorption can vary according to the strain and type of virus (Goyal and Gerba 
1979; Landry et al. 1979). The most relevant factors controlling virus transport through 
soil, and hence influence adsorption, are soil type, water saturation state, pH, conductivity 
of the percolating water, and soluble organic matter (Bosch et al. 2006; Jin and Flury 
2002). 
INFLUENCE OF EXTREME WATER-RELATED WEATHER EVENTS 
Extreme water-related weather events can influence the viral contamination of fresh 
produce. As such droughts or extended dry periods can reduce the volume of river flow 
and potentially increase the concentration of effluent-derived pathogens due to reduced 
dilution by stream-receiving waters (Cann et al. 2013). Heavy rainfall events can increase 
pathogen concentrations in receiving waters due to e.g. sewage overflow, bypass into local 
waterways and overwhelmed WWTP (Cann et al. 2013). These large precipitations can 
give rise to run-off water and flooding, which can spread fecal contamination to crops, 
both low growing and high growing crops (due to aerosols), receiving waters and 
agricultural farm land. Afterwards this contaminated soil can continue to be a reservoir for 
subsequent contamination through splash or direct contact with future fresh produce crop 





et al. 2014) and the USA, but also in agricultural storm waters in Southeast of the USA 
(McBride et al. 2013). Next to surface waters, crops and agricultural farm land, also 
groundwater is particular vulnerable to contamination with enteric viruses during flooding 
conditions (saturated soil). As then adsorption of viruses to solids is reduced because virus 
contact with the soil has been diminished, and hence traveling time is much shorter (Bosch 
et al. 2006; Hunt et al. 2005). Hence the risk for contamination of the ground water 
increases. 
1.2.1.4. Persistence on crops in the field 
For persistence of enteric viruses in the environment, including fresh produce, temperature 
is the main influencing factor. Generally a faster die-off rate is observed on fresh produce 
than on or in soil, which is considered as a more protective environment from solar 
radiation and desiccation (Choi et al. 2004). However enteric viruses can persist for several 
days on fresh produce during pre-harvest conditions. As such a D-value of 4.8 days was 
observed for MNV-1 on semi-savoy spinach during a persistence study in greenhouse 
biocontrol chambers (Hirneisen and Kniel 2013c). While an inactivation rate (kd) as low as 
0.01, 0.12, and 0.11 per day (corresponding to a D-value of 100, 8, and 9 days) was 
observed for HAV on cantaloupe, lettuce and bell peppers respectively during a persistence 
study in a controlled environment chamber mimicking relevant growing condition in the 
USA and Central America (Stine et al. 2005a). All in all these limited studies suggest that 
enteric viruses persist longer than enteric bacteria and may persist from the time of 
contamination (e.g. by means of irrigation) to harvesting (Stine et al. 2005a). Persistence 
can depend on crop type and even crop variety (e.g. survival of MNV-1 and TV on semi-
savoy spinach versus smooth spinach mentioned by Hirneisen and Kniel (2013c); Stine et 
al. 2005a; Carratala et al. 2013a). Since the surface texture and structure of vegetables may 
play an important role in the attachment and persistence of viruses. As such, the rougher or 
more irregular the surface of produce the longer viruses are able to persist (Stine et al. 
2005a; Hirneisen and Kniel 2013c). 
There has been evidence for biphasic inactivation of viruses on crops during pre-harvest 
conditions (Petterson et al. 2001b). An important implication of the biphasic inactivation is 
the possibility for virus accumulation on the crop surface over subsequent irrigations due 
to the presence of a persistent subpopulation of viruses that decay slowly (Petterson et al. 
2001b). This higher persistence of this subpopulation could be a result of their location in a 
more protective niche such as stomata, complex wax structures, or cuts. Also the location 
of inoculum on the abaxial (lower) leaf surfaces has been observed to result in higher 
decimal reduction times (D-values) compared to viruses present on adaxial (upper) leaf 
surfaces (Hirneisen and Kniel 2013c).  





In conclusion, proof of concept for different transmission route of enteric viruses at pre-
harvest level is available in literature. However, these are mainly based on experimental 
studies as evidence derived from outbreaks is limited due to difficulties encountered during 
trace-back studies. Nevertheless proof of concept is strengthened by the occurrence of 
bacterial FBO and the occurrence and persistence of viral pathogens in soil (i.e. sludge 
(Prado et al. 2014)), irrigation water and on crops at pre-harvest stage (e.g. El-Senousy et 
al. 2013; Leon-Felix et al. 2010). High environmental persistence of enteric viral 
pathogens ensures the possible success of each of the transmission routes discussed. Hence 
good agricultural practices (GAP) and mitigation strategies related to the use of treated 
sludge and water in agricultural crop production, combined with appropriate precautionary 
actions and risk assessment in case of extreme weather events is requested. 
1.2.2. Harvest and post-harvest contamination 
In this stage food handlers are identified as critical point or hot spots for the transmission 
of foodborne viruses. Food handlers in this context include field harvesters, production 
plant workers, professional chefs and caterers, but also non-professionals such as those 
cooking at home, or e.g. at a youth camp preparing food. However, it could be that in 
contrast to institutional or private catering settings, viral foodborne infections in a home-
setting are sometimes classified as a person-to-person infection instead of a foodborne 
infection in viral FBO statistics (Carter 2005). In the framework of this PhD thesis, the 
farm-to-fork chain will be restricted to the professional food handler or caterer at the retail 
stage. 
The risk of contamination posed by an infected food handler can depend on personal 
factors specific to a food handler, including e.g. phase of clinical infection which impacts 
the degree of virus shedding, personal hygiene habits, and a variety of behavioral factors 
such as the willingness to work when feeling ill (Mokhtari and Jaykus 2009). Remark that 
this transfer by infected food handlers can involve both symptomatic as well as 
asymptomatic food handlers, as also asymptomatic food handlers can shed similar high 
loads of virus particles (Ozawa et al. 2007). Moreover, asymptomatic infections with NoV 
are quite common. For instance up to 14% of analyzed feces samples of asymptomatic 
food handlers working at a none-outbreak related facility in Japan tested positive for GII 
NoV (none were positive for GI NoV) (Okabayashi et al. 2008). Furthermore 
asymptomatic food handlers have been implicated in viral FBO (e.g. in Barrabeig et al. 
2010; Daniels et al. 2000) and hence potentially play an important role in transmission of 
NoV. Remark that also mechanical transfer of viral particles from infected household 





suggested as an important cause of outbreaks (Franck et al. 2015). In contrast in health care 
settings, asymptomatic health care workers, although shedding and hence contagious, are 
expected to have little, if any, role in transmitting the virus during outbreaks. This was 
most likely related to awareness and proper personal hygiene by the health care workers 
(Sukhrie et al. 2012).  
In the next paragraphs the transmission during the harvesting phase and the processing 
phase will be discussed with special attention for the two case-studies soft red fruits (e.g. 
raspberries) and leafy greens (e.g. lettuce). Persistence onto the produce at the post-harvest 
stage and the effect of treatments used in the food processing of fresh produce on the viral 
load will be discussed in the next section (paragraph 1.3.). 
1.2.2.1. Transmission during harvesting 
The harvesting of fresh produce such as raspberries and lettuce can be either manual or 
mechanical. In case of soft red fruits such as raspberries, mechanical picker machines are 
available (Figure 1.7.). However depending on the region, scale and resources of the farm, 
still many fields are harvested manually. As such raspberries harvested in Serbia and 
Poland is still largely done by hand, while in the USA is mechanically harvested (95%) 
(Djurkovic 2012).  
 
Figure 1.7. Mechanical harvesting of 
raspberries. (source: website Rader Farms: 
http://www.raderfarms.com) 
 
Figure 1.8. Manual harvesting of crop 
lettuce. 
 
In case of leafy greens, single leaf and multi leaf baby leafy greens are usually harvested 
mechanical, but lettuce crops such as butterhead lettuce or iceberg lettuce are mostly 
harvested by hand labor (Figure 1.8.). As such, contamination can take place due to 
contaminated food handlers and/or contaminated surfaces. These surfaces can get 
contaminated directly through contaminated workers, but contamination could also occur 
indirectly e.g. through the use of contaminated water for rinsing/washing or through cross-
contamination from contaminated produce. Food handlers hands can also get contaminated 
by the produce and serve as a vehicle for further contamination. This was observed in a 




study on hand hygiene of pickers of green bell peppers in Mexico where the workers’ 
hands were not contaminated before work (0/36), while 13.9% (5/41) of the pickers’ hands 
were contaminated with noroviruses after 3 h of work. In this study viral contaminated bell 
peppers were also collected directly from the field, hence contamination had to have 
occurred pre-harvest (Leon-Felix et al. 2010). During harvesting, food handlers such as 
fruit pickers have been suspected as the source of contamination in several reported viral 
soft red fruit outbreaks (e.g. Ramsay and Upton 1989; Reid and Robinson 1987 in FBO 
Table 1.1.). 
To assess to which extent food handlers and contaminated food contact materials 
contribute to the introduction and spread of foodborne viruses, transfer experiments are 
available in literature that encompass all of the possible transfer combinations with hands – 
produce – food contact materials as either donor surface or acceptor surface (reviewed in 
Kotwal and Cannon 2014). In short, mean transfer rates of infectious viruses ranging from 
2% to 18% and 0.1% to 2.3% have been found for contact of contaminated finger paths 
(dry conditions) with lettuce (Bidawid et al. 2004; Stals et al. 2013a) and berries 
(Verhaelen et al. 2013a), respectively. Identified variables that have a major influence on 
transfer rates are dry time of inoculum on donor surface (Sharps et al. 2012), moisture 
conditions of acceptor surface (D'Souza et al. 2006), and pressure and friction applied 
during transfer (Mbithi et al. 1992; Escudero et al. 2012). 
These transfer rates might seem low, but keep in mind that NoV can be shed in 
concentrations up to 10
12
 genomic copies (RT-PCR) per gram (Atmar et al. 2008). Thus, as 
little as 0.0001 g of feces on a hand could contain up to 10
8
 of these viruses (worst-case 
situation) and hence a transfer of mere 0.1% could still result in a contamination up to 10
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viruses, indicating a potential food safety hazard. Enteric viruses have the potential to 
persist on hands for the better part of a work shift as in a study by Mbithi et al. (1992) a 
biphasic reduction curve was observed, resulting in a mere 0.5 to 0.8 log10 reduction four 
hours after inoculations of HAV on human hands. This illustrates the potential risk when 
infected food handlers are employed in a food processing/handling environment. 
Once surfaces are contaminated, these surfaces can function as reservoir for further 
contamination events and this for prolonged periods of time, as the relative persistence of 
enteric viruses in the environment is high. As such the half-live of HAV on stainless steel 
under different conditions (T ≤20°C and RH <80%) was at least 4 days (Sattar et al. 2000). 
Surrogate MNV-1 has been observed to remain infectious after 28 days on several surfaces 
(stainless steel, ceramic, rubber, wood, glass, plastic) at room temperature (Kim et al. 
2014). On inanimate surfaces, the most important factors that affect virus stability are the 





the suspending medium, light exposure, and presence of antiviral chemicals or biological 
agents (Bosch et al. 2006). Next to these influencing factors, the presence of food residue 
has been observed to increase the persistence and the resistance of enteric viruses towards 
chemicals (Takahashi et al. 2011). 
This type of transfer due to contaminated hands or surfaces also occurs during other stages 
during post-harvest processing, e.g. during sorting of the raspberries and during manual 
preparation of the produce at commercial/industrial settings or at home. 
Generally, transfer due to contaminated hands is incited by a lack of hand hygiene, but 
mere hand washing alone will not remove all of the enteric organisms present (Mbithi et al. 
1993; Todd et al. 2010). In a QMRA on the transfer of NoV to raspberries by infected food 
handlers it was shown that an intervention measure reducing the load of infectious virus 
particles on food handlers’ hands, e.g. by hand washing, may lower the public health risk 
substantially (Verhaelen et al. 2013a). However, for hand washing to be successful in 
controlling viral foodborne disease outbreaks the presence of an effective disinfecting 
agent and adequate hand-washing instructions is not enough, as regular compliance must 
be enforced to make a significant difference (Papafragkou et al. 2006). It was also 
observed that for highly infectious pathogens as NoV, low transfer proportions could pose 
a greater public health risk as compared with high transfer proportions as a higher amount 
of produce (or acceptor surfaces) can get contaminated (Verhaelen et al. 2013a). For 
normal hand washing using non-antimicrobial soaps reductions between 0.7 and 1.8 log10 
have been reported for removal of enteric viruses from hands (e.g. MNV-1 (Edmonds et al. 
2012), HAV (Mbithi et al. 1993), RoV (Ansari et al. 1989)). However, among hand 
washing practices and sanitizers there is a large variability in effectiveness towards enteric 
viruses. This variability is due to the diversity in active compounds but also due to minimal 
differences in product formulations, differences in susceptibility of different (surrogate) 
enteric viruses used during testing and difference in the applied evaluation methodologies. 
As such, reductions up to 4 log10 of MNV-1 on finger pads have been observed for certain 
formulations based on alcohol (Steinmann et al. 2010; Belliot et al. 2008). While in other 
studies alcohol-based hand rubs (ABHR) turned to be relatively ineffective (Park et al. 
2010a; Bidawid et al. 2004), as typical ABHR activity against non-enveloped enteric 
viruses varies depending on product formulation, e.g. the type, concentration of alcohol 
and other possible synergistic constituents. Overall, studies suggest that proper hand 
washing with soap and running water for at least 20 seconds is the most effective way to 
reduce norovirus contamination on the hands. However drying is also crucial since transfer 
ratios are considerably larger in case of wet donor or acceptor surfaces (D’Souza et al. 
2006). Furthermore hand sanitizers might serve as an effective adjunct in between proper 




hand washings but should not be considered a substitute for soap and water hand washing 
(Hall et al. 2011). 
Contamination of lettuce could also occur at harvest level due to cross-contamination (by 
means of contact with contaminated crops) and contaminated water as in some cases 
lettuce is sprayed in the boxes with water just after harvesting to remove dirt, or used for 
cooling.  
1.2.2.2. Transmission during post-harvest processing and handling 
After harvest the produce is cooled at the farm or immediately after entering the post-
harvest processing or distribution stage, depending on the locally available infrastructure. 
Both lettuce and soft red fruits such as raspberries can be sold fresh, without further 
processing, or moved to the post-harvest processing phase to be transformed into e.g. 
fresh-cut lettuce, individual quick frozen (IQF) raspberries or raspberry puree. 
AT THE LEVEL OF AN INDUSTRIAL PROCESSING PLANT 
In case of raspberries post-harvest processing can consist of the production of IQF 
raspberries or raspberry puree. For the production of IQF raspberries, raspberries are 
frozen after which manual sorting can take place (Figure 1.9.). The presence of NoV 
shedders is realistic considering the high prevalence of NoV infections in a community. 
Transmission through contaminated hands is hence realistic since the presence of NoV 
contamination on the hands of infected individuals has been confirmed during clinical 
trials (Liu et al. 2013). As such the presence of norovirus on hands of classifiers (53%) and 
packers (45%) prior to labor activities has been observed in a bell pepper packinghouse in 
Mexico (Leon-Felix et al. 2010). In case of the production of raspberry puree 
contamination by manual handling is not considered as a high risk but contaminated 
surfaces and cross-contamination by mixing of non-contaminated batches with a 
contaminated batch can occur. In conclusion, the main risk factors in the post-harvest 
processing of raspberries are contamination via contaminated hands (IQF raspberries) or 
surfaces (IQF and raspberry puree), which have been discussed in the previous paragraph. 
Washing of raspberries is no normal procedure due to the damage washing causes to the 
fragile berries. However washing of other soft red fruits, such as strawberries, is commonly 
done before further processing. Since washing is one of the typical processing units in the 
production process of fresh-cut lettuce, risks concerning washing practices will be 










Figure 1.10. Industrial washing process of  
lettuce  (source: 
http://www.scientificamerican.com). 
In the processing of lettuce towards fresh-cut leafy greens, the produce is cut, washed 
(Figure 1.10) and spinned dry before packaging with or without protective atmosphere. 
This washing process has the potential to reduce the microbial load of the incoming fresh 
produce but has also the potential to be a direct source of contamination and a vehicle for 
spreading localized bacterial and viral contamination (cross-contamination) when 
sanitizers are used inadequately or are lacking. As such, in a recent outbreak in Korea the 
use of contaminated ground water during the processing of cabbage kimchi was identified 
as the source of viral contamination (Cho et al. 2014).Viral transfer from contaminated 
fresh produce to washing water (without sanitizers) has been documented for both lab-
scale and industrial scale washing units for iceberg lettuce (Baert et al. 2009b) and 
strawberries (Casteel et al. 2009) respectively. However when adequate sanitizers were 
used no viruses were detected in the wash water in both studies. Transfer of viruses from 
the water phase to the lettuce has been observed in several studies as inoculation by 
immersion is a strategy used for inoculation (e.g. in Fino and Kniel 2008) in which the 
transfer of viruses from contaminated water to lettuce takes place instantly (Baert et al. 
2008c). However in-depth studies on the consequence of a contaminated wash bath for e.g. 
the processing of several batches of lettuce and quantitative data of transfer rates is missing 
in literature. Persistence of enteric viruses in wash water has been shown to amply exceed 
common working hours (≥32h, 10°C) (Baert et al. 2009b) endorsing the potential risk for 
cross-contamination. 
Next to the washing process, cross-contamination by contaminated machinery (e.g. 
cutters), contaminated surfaces, and leftovers from a previous contaminated batch is also a 
possibility. The possibility for such cross-contamination was experimentally demonstrated 
in a study tracking E. coli O157:H7-contaminated batch of leafy greens through a pilot-
scale fresh-cut processing line (Buchholz et al. 2014).  




AT THE LEVEL OF CATERERS AND PROFESSIONAL FOOD HANDLERS 
At the level of caterers and professional food handlers the same risk factors exist as at 
the processing level. Consequently cross-contamination of lettuce can take place when 
several crops are washed using the same water. However the risk of cross-contamination 
will be somewhat lower due to the smaller scale of washing (washing of a few crops in 
catering versus washing batches up till 500 kg in the same water in industrial processing). 
On the other hand in this stage of the farm-to-fork chain the role of the food handler as 
cause of an outbreak is notorious as excessive handling of foods increases the opportunity 
of contamination. As such, infected food workers were implicated as the source in ca. 70% 
of reported FBO due to NoV in the USA (2009-2012) (Hall et al. 2014). Although bare-
hand contact with food is likely the most prominent way of transmission (Hall et al. 2014), 
infected food handlers can also indirectly contaminate the food by contaminating the 
environment.  
Examples of outbreaks due to indirect contamination routes, by means of contaminated 
surfaces, are at hand. For example, in an outbreak described by Patterson et al. (1997), over 
a hundred wedding guest got ill after eating norovirus (GII) contaminated potato salad. 
This contamination was due to environmental transmission since this potato salad was 
cleaned and prepared in a sink that was contaminated the evening before by a kitchen 
assistant that had vomited in this sink. Despite the fact the sink was cleaned with a chlorine 
based disinfectant, this sink was the source of the contamination as no other food prepared 
in the same kitchen was associated with the illness (Patterson et al. 1997). Nevertheless the 
use of sodium hypochlorite (chlorine bleach) is widely recommended to disinfect human 
NoV from surfaces. However when disinfecting (food contact) surfaces sufficient high 
concentrations of chlorine (if necessary with sufficient contact time) should be used after 
initial cleaning and scrubbing of the surfaces with water and soap (Tuladhar et al. 2012). 
Given that in lab experiments dried NoV surrogates on stainless steel surfaces were 
relative insensitive to 200 ppm chlorine concentrations (Cromeans et al. 2014). The CDC 
recommends in their report on NoV outbreak management and disease prevention 
guidelines the use of freshly prepared (use within 24 hours) concentrations of 1000 – 5000 
ppm chlorine bleach solutions (Hall et al. 2011). However, these concentrations of NaOCl 
far exceeds what is mandated (i.e. 200 ppm determined as total available chlorine) for 
sanitizing food contact surfaces in the Food Code published by the US Food and Drug 
Administration (FDA) (21 CFR Part 178.1010). Furthermore an EPA-approved product 
list, although specified for use in health-care settings, has been published with commercial 
products besides sodium hypochlorite that are considered to be effective against NoV 
(http://www.epa.gov/oppad001/list_g_norovirus.pdf). For more information on surface 





2013; Girard et al. 2010; Hoelzer et al. 2013; Tuladhar et al. 2012). Remark that cleaning 
cloths can play a role in spreading the viral contamination when not properly used (Gibson 
et al. 2012). 
Despite the obligation for hand washing and cleaning, environmental contamination in 
catering companies is not uncommon. As such, in 13 of the 832 randomly chosen catering 
companies in the Netherlands that were not associated with recently reported outbreaks, 
swabs from kitchen surfaces were found positive for the presence of viral NoV RNA. 
However in 26 companies bathroom swabs turned positive for viral RNA, adding up to a 
presence of NoV RNA in 4.2% (35/832) of the randomly sampled catering companies 
(Boxman et al. 2011). Whether these 35 companies form an imminent threat for food 
safety is not derivable. But it is a fact that in the near past in each of these companies an 
infected food handler was present (or contact with an infected person occurred), lacking 
appropriate hand hygiene practices. As such, the risk for viral contamination of food was 
present. 
Cross-contamination with naturally contaminated fresh produce or other food commodities 
such as seafood is also a risk factor. For example, the cross-contamination of salad by 
seafood was identified as the probable cause of an outbreak of NoV illness in 1979 (Griffin 
et al. 1982).  
Kitchen utensils used during preparation of fresh produce can contribute to both removal 
and cross-contamination of microbial pathogens. Peeling of carrots and celery can for 
example result in a reduction in viral load (MNV-1 and HAV), although these reductions 
were rather modest (ca. 1 log10) with a high variability (standard deviation up till 1 log10). 
Peelers only partially removed viruses on the surface of carrots and celery, since cross-
contamination of the peelers and transfer of virus to underlying tissues of the fresh produce 
likely occurs (Wang et al. 2013a). On the other hand, the utensils used during peeling and 
other practices such as cutting and grating can also give occasion for cross-contamination 
to initially uncontaminated produce. In this way, a contaminated peeler, knife or grater 
resulting from the preparation of a contaminated fresh produce item, could cross-
contaminated seven, initially uncontaminated, successively prepared produce items (Wang 
et al. 2012; Wang et al. 2013a). However in these studies transfer was not quantified and 
the transfer experiment was stopped after 7 consecutive handlings. In a recent study by 
Shieh et al. (2014) the cross-contamination of a contaminated mechanical slicer, 
contaminated during slicing of a MNV-1 contaminated tomato, to subsequently initially 
non-contaminated tomatoes was quantified and modeled in order to serve as input data for 
risk assessment. According to this model it was found theoretical possible to cross-




contaminate over one thousand tomatoes with a single initial contaminated tomato 
containing 8 log10 RT-PCR units of virus (Shieh et al. 2014). 
Exposure assessments that model the dynamics of the transmission of HuNoV in the retail 
food preparation environment are available (Mokhtari and Jaykus 2009; Stals et al., in 
press). In the model of Mokhtari and Jaykus (2009), gloving and hand-washing compliance 
were suggested as the most effective mitigation strategy for controlling contamination of a 
food product, when practiced simultaneously. The restroom environment has been 
identified as a major reservoir of NoV and hence an important contributor to contamination 





1.3. EFFECT OF TREATMENTS USED IN FOOD PROCESSING OF FRESH 
PRODUCE ON FOODBORNE VIRUSES  
In the previous section both known transmission routes and environmental persistence of 
enteric viruses such as NoV and HAV were discussed as both are key to identify possible 
prevention and control efforts for risk mitigation. However a third factor, i.e. the effect of 
treatments used in food processing of fresh produce on viruses, is also important to grasp 
the influence of the whole farm-to-fork chain on the viral load of fresh produce and for the 
identification of possible intervention strategies post-harvest. 
In literature, review material on the effect of food processing techniques (Rivm 2013; 
Zuber et al. 2013; Hirneisen et al. 2010; Sanchez 2013) and preservation methods (Baert et 
al. 2009a) on the viral load of food products is abundant. Therefore this literature review 
will focus on treatments applicable to fresh produce that allow the retention of fresh-like 
organoleptic properties and the data will focus on effect of processing on the viral load of 
fresh produce. Special attention will be reserved for the two NoV – fresh produce 
commodities frequently linked to viral FBO, i.e. lettuce and raspberries. However, as 
frozen raspberries are frequently linked to viral outbreaks, leading to the recommendation 
to heat frozen berries before consumption in e.g. several Nordic countries, both freezing 
and heat treatment will also be included in this section. 
1.3.1. Validation of effect of treatments – The necessity for surrogates 
Treatments can result in inactivation of the present viral particles or the physical removal 
of viral particles. Removal refers to a distribution/partitioning process in which the virus 
particles are separated in a different fraction. Often this partitioning is not complete and 
can result in the presence of a subset of the originally present (infectious) viral units in the 
end product (Morgenthaler 2001). Examples of possible viral removal processes in food 
processing are peeling (discussed in §1.2.2.2.) and washing. 
Inactivation is affected by some kind of physical or chemical change of the virus that 
results in the loss of the ability of the virus to infect host cells. This loss of infectivity can 
be either due to disruption of the capsid proteins, destruction of the viral RNA genome, or 
a combination of both previous modifications as schematically presented in Figure 1.4. For 
some inactivation treatments it is known what their primary mechanism of inactivation is, 
which can be either by damaging the viral coat (e.g. heat inactivation, high pressure 
processing), by impairing the genomic material, or by a combination of both (e.g. free 
chlorine) (Wigginton et al. 2012). After treatment, remnants of initially infectious virus 
particles (e.g. impaired virus particles or naked viral RNA) can still be present in the 
product and depending on which inactivation method has been used, can be detected by the 




presence of e.g. immunologic epitopes or nucleic acids. As such, in order to measure the 
effect of inactivation the chosen assay must truly reflect virus infectivity and must hence 
be able to differentiate between infectious and non-infectious virus particles. 
However due to the lack of a suitable cell-culture assay (CC) for infectious human NoV 
and other non-cultivable viruses, like most wild-type strains of HAV, the use of surrogate 
viruses is a necessity. Surrogate viruses are viruses related to the pathogens they have been 
chosen to represent (Richards 2012). A weakness inherent to the use of surrogates is that 
even though the surrogate can be closely related in genetic, physical, or chemical 
relatedness to the pathogen, differences between surrogates (Cromeans et al. 2014) and 
between surrogates and the viral pathogen (e.g. Leon et al. 2011) have been observed for 
different processing techniques. Experiments even show that different strains of a certain 
virus, e.g. different strains of cell culture-adapted HAV (Shimasaki et al. 2009) or FCV (Di 
Martino et al. 2010), can have different sensitivities to heat and high pressure. Also cell-
culture adapted laboratory strains, as available for HAV, might not reflect the resistance of 
naturally occurring strains (Bertrand et al. 2012). This means that differences in 
resistance/susceptibility among different NoV strains (e.g. genotypes) should be 
anticipated (Richards 2012) as minor variations in structural or genomic components can 
have a marked impact on viral resistance to inactivation (Wigginton et al. 2012). As such, 
the use of surrogates is predicated on the assumption that they generally mimic the viruses 
they represent, although no direct correlation in the inactivation rates of the surrogates and 
the pathogens can be established. From a precautionary principle, the use of a ‘worst-case’ 
virus classified among the most persistent viruses has been suggested for the evaluation of 
inactivation treatments (Bertrand et al. 2012; Deboosere et al. 2010). This can be a 
different virus for different treatment and matrix combinations due to different sensitivity 
of the surrogates to certain inactivation treatments, hence justifying the use of multiple 
surrogate viruses when testing inactivation strategies. For instance, in complex matrices for 
inactivation at temperatures ≥50°C, the following ranking of heat sensitivity among 
frequently used (surrogate) viruses was observed: poliovirus > FCV > MNV > HAV > 
Bacteroides fragilis phage > Simian rotavirus > PhiX174 > F-specific RNA phages (e.g. 
MS2) (Bertrand et al. 2012). While in case of high pressure processing poliovirus is highly 
resistant compared to HAV and MNV-1 (Kingsley 2013; Kovac et al. 2012). 
However, this could lead to an overestimation of the viral pathogens persistence and hence 
may over regulate the industry. On the other hand, the pathogenic virus could be more 
persistent than the surrogate viruses generally used during experiments (e.g. high pressure 
processing (Leon et al. 2011; Kingsley et al. 2007)), which would lead to insufficient food 





Tulane virus (TV) (Kniel 2014) of which MNV is a member of the genus Norovirus 
classified in genogroup V and TV was only recently characterized as a representative of a 
new genus within Caliciviridae, the genus Recovirus (Farkas et al. 2008). However other 
surrogates such as Feline calicivirus (FCV) (genus Vesivirus) and bacteriophages such as 
MS2 continue to be used. 
In order to obtain scientifically valid processing approaches to improve food safety, a shift 
to human volunteer studies has been suggested, although the latter does entail considerable 
costs (estimated to be ca. $500,000 (USA) (Richards 2012)). Still, viral loss of infectivity, 
either assessed by plaque assay, cell culture or feeding studies, is the most important and 
direct index for evaluating the effect of treatments concerning viral inactivation or 
removal. However, molecular methods, either in combination with an enzymatic 
pretreatment, cell/receptor binding assay or intercalating agents (e.g. propidium 
monoazide), are recently more and more used to evaluate the virucidal effectiveness of 
inactivation mechanisms (Knight et al. 2013). Possible strategies to differentiate between 
infective and non-infective viral particles were elaborately studied in a previous PhD study 
of this department (Li 2012) and hence will not be further discussed in detail. Despite the 
fact that it is now generally accepted that detection with classical molecular techniques 
may underestimate treatment efficiencies (e.g. heat treatment (Baert et al. 2008d; Bertrand 
et al. 2012) and high hydrostatic pressure (Kovac et al. 2012)), these new combination 
assays to differentiate infectious from inactivated viruses, have brought some new insights 
concerning viral inactivation and generally provide further evidence for the remarkable 
resistance of human NoV to several inactivation treatments (e.g. chemical sanitizers in 
Kingsley et al. 2014; HPP in Dancho et al. 2012; heat in Escudero-Abarca et al. 2014). 
However validation of these new assays using clinical trials should be undertaken in order 
to give assurance of their accuracy (Richards 2012). Therefore this review focuses on 
studies that examined the loss of infectivity and hence the inclusion of surrogate data was a 
necessity. 
1.3.2. Effect of storage/preservation 
Low temperature storage immediately upon harvest is recommended to preserve the 
quality of fresh produce, primarily by lowering the respiration and metabolism rates. Ideal 
storage temperatures for berries and leafy greens are 3-5°C and 0-5°C respectively (EFSA 
BIOHAZ Panel 2014b, 2014a). Temperature has been identified as the major factor 
influencing virus persistence. However in contrast to bacterial pathogens, maintaining the 
cold chain cannot be considered as a mitigation strategy for viral pathogens on fresh 
produce, as persistence of enteric viruses is higher at low temperatures, and decay rates 
generally increase with increasing temperatures (Rivm 2013). In Table 1.3., log10 reduction 




data is presented for the persistence of enteric viruses or their surrogates on soft red fruits 
and leafy greens. Next to temperature, persistence has been found to depend on other 
factors such as the type of fresh produce (Croci et al. 2002; Verhaelen et al. 2012), 
different environmental factors (e.g. relative humidity (RH), presence of feces, 
aggregation) (Konowalchuk and Speirs 1975), and the virus type (Rzezutka and Cook 
2004). As such the presence of fecal material strongly enhances virus persistence 
(Escudero et al. 2012). However the effect of RH is less unambiguous given that MNV and 
MS2 persisted better at low RH while HAV persisted better at higher RH in a study by 
Kim et al. (2012). However in a recent study it was suggested that absolute humidity (AH) 
rather than RH is the critical factor for keeping NoV infectious. The data also suggested 
that when the atmosphere was not entirely saturated (i.e., 100% RH), low AH values 
(below 0.007 kg water/kg air) are favorable to NoV persistence. This possibly explains the 
seasonality of NoV infections since low winter AH conditions (96.3% of the day with AH 
<0.007 kg water/ kg air) at temperate climates such as in Paris provides favorable 
conditions for keeping human NoV infectious (de la Noue et al. 2014).  
Since the shelf-life of fresh produce, and especially for case-studies lettuce and raspberries, 
is short, only a low reduction in numbers of infectious viral particles is expected when 
stored at cold temperatures. Overall, persistence of enteric viruses can be expected during 
the time between purchase and consumption. 
Table 1.3. Summary table of selected persistence studies on soft red fruits and leafy greens. 




Strawberry MNV  
 
 
4°C  , 7 days 
10°C, 7 days 




Verhaelen et al. 2012 
FCV  4°C  , 6 days >1.5 Mattison et al. 2007 
Raspberry MNV  
 
 
4°C  , 7 days 
10°C, 7 days 




Verhaelen et al. 2012 
PV  4°C  , 9 days 0 Kurdziel et al. 2001 
Lettuce HAV  4°C  , 7 days 2.0 Croci et al. 2002 
MNV-1  4°C  , 11 days Ca. 1  Escudero et al. 2012 
PV-1  4°C  , 8 days 0.36 Yepiz-Gomez et al. 2013 
FCV  4°C  , 7 days 
RT   , 4 days 
Ca. 2 
>2.7 
Mattison et al. 2007 
Spinach HAV  5.4 ± 1.2°C, 14 days 1.0 Shieh et al. 2009 






In case of fresh-cut lettuce, modified atmosphere packaging (MAP) is generally adopted. 
Next to functions such as the control of the respiration and reduction of enzymatic 
reactions such as browning, MAP conditions have also been designed to reduce the growth 
of spoilage microorganisms and pathogens. However, in a study on the persistence of HAV 
in packaged lettuce, a modified atmosphere did not influence the persistence when 
incubated at 4°C. Even a slight improvement in virus persistence on lettuce was observed 
in the presence of high CO2 levels (70% CO2, 43% persistence) at room temperature (RT) 
compared to when stored in bags with normal atmospheric conditions (6% persistence) 
(Bidawid et al. 2001). MAP is also applied on berries, however mainly on berries intended 
to ship fresh for long distances, and not applied in final consumer packages (EFSA 
BIOHAZ Panel 2014a).  
Next to MAP packaging, also the antiviral activity of active packaging material consisting 
of silver-infused polylactide (PLA) films has been explored on virally contaminated 
vegetables. However, the efficiency of active packaging based on silver depends very 
much on the food type, on environmental factors, and on the pathogen. For instance on 
paprika no antiviral activity of the packaging towards FCV was observed, while reductions 
>3.5 log10 were observed for FCV on lettuce (Martinez-Abad et al. 2013). 
The far most popular method for storing berries is freezing. As such in the two largest 
European raspberry producing countries Serbia and Poland, the majority of raspberries 
(>70% and >90% respectively), are exported frozen (Djurkovic 2012). Freezing however, 
has no pronounced influence on the viral load of fresh produce as no reduction was noted 
of MNV-1 surrogate on frozen onions and spinach after six months of storage (Baert et al. 
2008c) and frozen storage for three months had limited effects on HAV and RV 
persistence in berries and herbs (Butot et al. 2008). Cryostability of NoV (GII.4) to 
freezing and thawing was also observed in a recent study by Richards et al. (2012). In 
general, freezing is actually used as a method for long-term storage of fecal and lysate 
stocks of enteric viruses in research. Also during outbreak investigations, according to the 
CDC’s ‘updated norovirus outbreak management and disease prevention guidelines’, food 
samples strongly suspected as the source of an outbreak of acute gastroenteritis should be 
stored frozen at -20°C before analysis for optimal preservation (Hall et al. 2011). In 
conclusion, enteric viruses such as NoV and HAV are expected to persist during the shelf-
life (up to 24 months and more) of frozen fruit and vegetable products and have been 
implicated in several FBO due to frozen berries (Table 1.1.). 
Next to temperature, pH has been identified as a principal determinant for the growth of 
bacteria on fresh produce. Especially fruits can have an acidic internal pH far below the 
growth range of most bacteria (i.e. pH 4.4 – 9.8 (Devlieghere et al. 2011)). Berries have a 




relative acidic internal pH varying between 2.7 and 4.5 (some blackberries), depending on 
the berry species (Knudsen et al. 2001). Raspberries have a pH varying between 2.9 and 
3.5 (Bassett and McClure 2008). However, enteric viruses are engineered to persist the 
acidic stomach passage and hence long-term persistence (MNV-1, refrigeration 
temperatures) has been observed in acid conditions such as fruit juices (>21 days) (Horm 
and D'Souza 2011) and on berries (exceeding the shelf-life) (Verhaelen et al. 2012). MNV-
1 has proved to be a suitable surrogate for human NoV in acid conditions (Cannon et al. 
2006; Horm et al. 2012a; Seo et al. 2012). However, not all surrogate viruses of human 
NoV are unaffected by low pH. FCV has been observed to be more sensitive to low pH 
values and hence is considered to be a less appropriate surrogate for NoV in acid 
conditions (e.g. berries, fruit juices) (Butot et al. 2009; Cannon et al. 2006; Duizer et al. 
2004; Horm and D'Souza 2011). 
1.3.3. Effect of washing and sanitation 
Besides the removal of dirt, foreign materials and tissue fluids from cut surfaces, washing, 
rinsing and spraying steps are the most commonly used processing steps to reduce the 
microbial load on fresh produce, while allowing the retention of fresh-like organoleptic 
properties. Often chemical sanitizers are added to the wash solution in order to maintain 
the water quality and to increase the reducing effect of the treatment. In this paragraph, 
efficiency of general washing practices and effect of chemical sanitizers will be discussed. 
However, comparing the outcome of different studies is not always relevant as several 
process parameters concerning the experimental set-up, such as treatment time and doses, 
produce:water ratio, organic load, pH of washing water and type of produce and virus, can 
have an influence on the effectiveness of decontamination treatments (Gil et al. 2009). An 
experimental set-up that mimics industrial practices as realistic as possible should be the 
intention.  
1.3.3.1. Washing with water 
Generally, washing results in ≤1 logarithm decrease (tenfold decrease) in the quantity of 
viruses detected (Li et al. 2011; Butot et al. 2008; Baert et al. 2008c; Dawson et al. 2005). 
Minor adaptations to the classic washing step by immersion such as usage of bubbling 
(Fraisse et al. 2011) or warm water (43°C) (Butot et al. 2008; Lukasik et al. 2003), or the 
inclusion of hand rubbing (Lukasik et al. 2003) did not significantly improve viral 
reduction on the produce. Household practices such as the addition of salt (2.0% NaCl), 
liquid dishwashing detergent (0.05%), or use of the consumer-oriented produce wash such 
as Fit (Proctor and Gamble) did not have any significant added value for reducing the viral 





available reduction data is given when using tap water or the commonly used chlorine and 
peroxyacetic acid (PAA) solutions. 
A major disadvantage of using just water during washing is the microbial build-up in the 
residual wash water (Baert et al. 2009b; Casteel et al. 2009). This can lead to cross-
contamination between contaminated and initially non-contaminated crops, and will be 
further discussed in Chapter 5. 
1.3.3.2. Washing with chlorine solutions 
Chlorine is, despite its corrosive nature, the most commonly used sanitizing agent and 
widely applied in food processing. Chlorine is available as solid (calcium hypochlorite: 
Ca(ClO)2), aqueous solution (sodium hypochlorite: NaOCl), and chlorine gas (Cl2) (Van 
Haute 2014). Chlorine solutions can be either applied by immersion of the food crop or by 
spraying. After application of a sanitizer, in spray or in the form of a bath, rinsing or a final 
wash of the fresh produce in potable water is compulsory to remove any residual chemical 
and/or by-products (USA 21CFR173.315). In order to maximize the efficiency of chlorine 
disinfection, the concentration of free chlorine (FC), the pH (ideal pH 6 – 7) and the 
organic load (~COD level) of the wash water must be controlled.  
Generally applied chlorine dosages and contact times by produce processors are 50 to 200 
ppm (mg/L) for a maximal contact time of 1 to 2 min, leading to typical log10 reductions of 
1 to 2 logs for bacteria and viruses on fresh produce (Goodburn and Wallace 2013; Casteel 
et al. 2008; Predmore and Li 2011). The effectiveness of chlorine in virus inactivation on 
produce can vary according to the virus under study (Fraisse et al. 2011; Butot et al. 2008) 
and according to the type of produce (Butot et al. 2008). In spite of the rather modest viral 
reductions on fresh produce obtained using chlorine, chlorine is much more effective for 
inactivation of viral pathogens in suspension, e.g. wash water, than for removal of these 
pathogens from fresh produce (Dawson et al. 2005). This reasoning also applies to 
bacteria. Hence, despite the general idea that sanitizers are used to reduce the microbial 
population on the produce, their main effect is maintaining the microbial quality of the 
water (Gil et al. 2009). Hence the use of wash water sanitizers is highly valuable to reduce 
cross-contamination from one contaminated crop/batch to the other crops/batches present 
in the washing bath. 
  




Table 1.4. Subselection of available literature presenting the effectiveness of commonly used 
decontamination processes on the viral load of soft red fruits and leafy greens. 
Decontamination procedure 
(produce (g): water (ml) ratio) 














Butot et al. 
2008 
2 min (10g : 350 ml) MNV-1 Spinach leaves 1.0 Baert et al. 
2008c 
5 min (50g : 500 ml) MNV-1 Lettuce  1.1 Baert et al. 
2009b 
2 min, RT (50g : 2000 ml) 






















(15g : 200 ml) 
ClO2 5 ppm, 10 min  










NaOCl 200 ppm, 5 min 
(50g : 500 ml) 
MNV-1 Lettuce  2.1 Baert et al. 
2009b 
Chlorine 200 ppm, 2 min, 
RT,  (50g : 2000 ml) 
Chlorine 200 ppm, 2 min, 
















80 ppm; 250 ppm, 5 min 
(50g : 500 ml) 
MNV-1 Lettuce  1.9; 2.5 Baert et al. 
2009b 
100 ppm, 2 min  
(25g : 500 ml) 
MNV-1 
HAV 
Lettuce  2.4 
0.7 
Fraisse et al. 
2011 
100 ppm, 2 min, 43°C 
(150g : 2000 ml) 
MNV-1 Strawberry  1.8 Lukasik et al. 
2003 
PAA: peroxyacetic acid; RT: room temperature 
 
The drawback for the use of chlorine is that this biocide is highly corrosive for the stainless 
steel surfaces frequently used in the food industry and its efficacy is negatively influenced 
by the organic load of the wash water. Also the formation of by-products in the 
wastewater, such as trihalomethanes (THMs), has been frequently cited as the downside of 
using chlorine and is the reason for the continuous search for new alternatives for 
disinfection (Fraisse et al. 2011). These by-products are formed by reaction of the chlorine 
disinfectant with organic matter in the wash bath. Despite the occurrence of the formation 
of THMs in the process wash water, no residue can be found in vegetable tissue after 
rinsing with tap water (Gomez-Lopez et al. 2013; Lopez-Galvez et al. 2010a). Hence, 
when good practices are applied (hence control of COD, FC and regular refreshing of 
washing water), chlorine-based sanitizers such as chlorine gas, sodium hypochlorite and 





THMs in the washing water. As such, suggestions that the industry should move away 
from this traditional disinfection agent are unfounded (Gil et al. 2009). 
Another chlorine-containing disinfectant used in food production and processing is 
chlorine dioxide (ClO2). Advantages of ClO2 in comparison to the classic chlorine-
containing disinfectants is that no formation of THM compounds occurs in the presence of 
organic matter (Lopez-Galvez et al. 2010a) and the sanitizer is little affected in its 
efficiency by pH and the presence of high amounts of organic matter (Hirneisen et al. 
2010). However, application of ClO2 in the USA is restricted for use in washing whole 
fruits and vegetables and hence not permitted for disinfection of fresh-cut fruits and 
vegetables (Hirneisen et al. 2010). Other restrictions for the use of chlorine dioxide are that 
it must be generated on site due to its instability and that it can be explosive when 
concentrated. Concentrated solutions of sodium chlorite are on the market, e.g. Carnebon 
200 (International Dioxide Inc., Clark, N.J.) and Oxine (Bio-Cide International, Inc., 
Norman, Okla), that upon acidification generate “stabilized chlorine dioxide” (Lukasik et 
al. 2003). However, the effectiveness of ClO2 at the recommended low concentrations for 
usage by the FDA (max. 5 mg/L or ppm), is rather low (ca. 1 log10 reduction) for FCV and 
HAV, even at the rather extensive contact times (10 min) tested by Butot et al. (2008). 
1.3.3.3. Washing with other chemical agents 
Next to chlorine containing solutions other chemical agents have been tested for their 
effectiveness in reducing the viral load of fresh produce during washing steps, e.g.: 
peroxyacetic acid solutions (PAA) (equilibrium mixture of hydrogen peroxide and acetic 
acid) (e.g. in Baert et al. 2009b; Allwood et al. 2004; Fraisse et al. 2011), the use of liquid 
or vaporized hydrogen peroxide (H2O2) (e.g. in Li et al. 2011; Lukasik et al. 2003), Ozone 
(O3) (e.g. in Hirneisen et al. 2011; Hirneisen and Kniel 2013b), trisodium phosphate (TSP; 
Na3PO4) (e.g. in Lukasik et al. 2003; Su and D'Souza 2011), and surfactants (e.g. SDS in 
Predmore and Li 2011). Next to chemicals, also the antiviral properties of natural 
biochemical substances such as grape seed extract (GSE) in wash water (e.g. in Li et al. 
2012; Su and D'Souza 2013) and sprays of essential oils (e.g. in Azizkhani et al. 2013) 
have been explored, although without success. Each of these tested substances have their 
own merits, limitations and drawbacks. Also the effect of some promising combinations of 
different chemicals or inactivation strategies have been studied on fresh produce. As such, 
the use of the combination of the surfactant SDS (50 ppm) and chlorine (200 ppm) 
enhanced the efficiency of virus removal and inactivation (MNV) resulting in a reduction 
mounting up to 3 log10 for lettuce, strawberries and raspberries (2 min, RT) (Predmore and 
Li 2011). Also a synergism was reported between the use of vaporized H2O2 and UV light 
on lettuce (Li et al. 2011; Xie et al. 2008).  




In conclusion, good practices for washing of fresh produce require the use of a sanitizer. 
Sanitizers (e.g. Chlorine, PAA), however, are generally more effective in viral reduction in 
suspension (e.g. wash water) than on surfaces such as fresh produce (Dawson et al. 2005) 
as only marginal reductions of the viral load are obtained on fresh produce (1-2 log10). 
Even the introduction of multiple washing steps performed in series (Baert et al. 2008c), 
extended contact times (Xie et al. 2008), or the use of increasing concentration of 
disinfectants (Butot et al. 2008) will not necessarily lead to significantly higher reductions 
of the viral load of fresh produce. Similar to bacteria, viruses can be located in protective 
sites on the produce, such as the stomata or the cut edges, not accessible during washing 
procedures and most decontamination processes. As such, the use of sanitizers in situ 
during the wash process is primarily to maintain the microbial quality of the wash water 
and hence to limit the possibility of cross-contamination. Nonetheless, reporting of the 
effectiveness of the sanitizer under study in reducing the viral load in the resulting wash 
water is not always included (e.g. in Su and D'Souza 2011). However the latter is important 
to judge the utility for any sanitizers as mitigation strategy for cross-contamination. Good 
practices are also required to limit internalization of pathogens by avoiding influx of 
potentially contaminated wash water into the produce. Therefore a higher temperature of 
the washing solution than the temperature of the produce is demanded, as if the reverse is 
true, air bubbles inside the fresh produce will shrink upon contact with the cold water, 
resulting in a partial vacuum causing wash water to enter the tissue through pores, 
channels, or punctures (Holvoet 2014). 
1.3.4. Effect of alternative strategies for decontamination 
In this section the effect of radiation, both non-ionizing and ionizing radiation, and High 
Pressure Processing (HPP) will be discussed as non-thermal inactivation treatment options 
for enteric viruses in fresh produce. Both irradiation with ionizing radiation and 
appropriate use of HPP effectively inactivate both surface and internalized viruses. 
1.3.4.1. Effect of radiation 
Both ionizing and non-ionizing radiation have been tested as disinfection strategies for 
vegetables contaminated with viruses. The most widespread used form of non-ionizing 
radiation for decontamination is the use of UV light (100 – 400 nm). UV disinfection 
primarily occurs due to the germicidal action of UV-B (280 to 315 nm) and UV-C light 
(200 to 280 nm) on microorganisms (US EPA 2006). Most studies use low-pressure (LP) 
mercury lamps with a major wavelength output (85%) at 253.7 nm (monochromatic UV 
radiation) (Hijnen et al. 2006; Eischeid et al. 2011). Inactivation by this ultraviolet is based 
on the damage caused to the nucleic acids (DNA/RNA) of the cell or virus, of which the 





generally more resistant than protozoa such as Cryptosporidium and Giardia, and the 
bacterial pathogens (Hijnen et al. 2006). Adenoviruses are the most UV-resistant class of 
viruses presently known and are therefore used as a standard for viral inactivation 
requirements in e.g. water disinfection (Eischeid et al. 2011). Concerning fresh produce, 
UV light (dose: 40-120 mW s/cm²) was shown to be effective in the reduction of HAV and 
FCV on lettuce and green onions, resulting in reduction of 4-5 log10 for HAV and 2.5-4 
log10 for FCV. However on strawberries significantly lower reductions were observed for 
both viruses (i.e. <2 log10). In a study by Hirneisen and Kniel (2013b) however, MNV-1 
proved to be more resistant to UV light, as a dose of 240 mW s/cm² resulted in a mere 
reduction of ca. 1.2 log10 on green onions. As such, the food matrix and surface typography 
play an obvious role (Fino and Kniel 2008). Also a wide variation in viral sensitivity to UV 
has been recognized (Eischeid et al. 2011), making it impossible to estimate the possible 
influence on human NoV.  
Another disinfection strategy using non-ionizing radiation is the use of pulsed light (PL) 
treatment. PL is a modified and claimed improved version of delivering UV-C to bodies, 
using xenon lamps to deliver short time pulses of an intense broad spectrum (200 – 1100 
nm) rich in UV-C light. PL treatment is a relatively new technology and only one study 
was identified applying PL treatment on produce. In this study the effectiveness of 10-30 




) was tested on MS2 inoculated on black 
pepper, chopped mint and garlic powder. However, only marginal reductions were 
obtained (generally <0.5 log10 reduction, except for mint 1.3 log10 reduction) in 
comparison to the reductions obtained in viral suspension after merely 4 pulses (i.e. >8 
log10 reduction) (Belliot et al. 2013). 
The downside of the use of non-ionizing radiation compared to ionizing radiation is the 
superficial character of UV treatment. The light should be able to reach all surfaces of the 
product and internalized microorganisms would be unaffected due to the light absorption 
by the surface. Therefore, this treatment option is quite impractical for decontamination of 
e.g. lettuce on an industrial scale. 
Ionizing radiation is radiation that carries enough energy to liberate electrons from atoms 
or molecules, thereby ionizing them. Ionizing radiation used in food processing can be 
electromagnetic radiation (gamma rays and X-rays) or particulate radiation (electron 
beam). While the first type (γ-rays) are produced from a radioactive source (i.e. Co-60 or 
Cs-137), the other two (X-rays and e-beams) are produced by specific equipment 
converting other energy sources, such as electric current, without the involvement of any 
radioactive substance. As such, in the latter two cases the producing equipment can be 
switched on or off depending on the need (EFSA 2011). The application of X-rays will not 




be further discussed as X-rays never found application in commercial food irradiation 
(RIVM 2013). Electron beam irradiation is a relatively new technology. In contrast to 
gamma rays and X-rays, electron beam’s main disadvantage is the poor penetrative power. 
However for irradiation of e.g. pre-packed salads the penetration depth might be sufficient, 
if the produce is irradiated from two or more sites (Niemira 2003). Studies using electron 
beam (e.g. Espinosa et al. 2012; Sanglay et al. 2011) and γ-rays (e.g. Bidawid et al. 2000; 
Feng et al. 2011; Hsu et al. 2010) for decontamination of viral contaminated fresh produce 
are available in literature.  
Viruses, having relatively little nuclear material and being small “targets”, are relatively 
resistant to radiation compared to most vegetative bacteria (D10 values of 0.14 – 0.80 kGy) 
(EFSA 2011). Reported D10 values for enteric viruses/surrogates are e.g. 2.97 kGy for 
HAV on strawberries (γ-rays) (Bidawid et al. 2000) and 2.95 kGy for FeCV on lettuce (e-
beam) (Zhou et al. 2011). However, D10 values are affected by a number of factors 
including temperature, water activity and chemical composition of the food (EFSA 2011). 
 
Figure 1.11. International Radura logo, used to show a food has been treated with ionizing 
radiation. 
For Europe, the Scientific Committee on Food (SCF) has expressed several opinions on 
irradiated foods and acceptable doses for specific food classes/commodities (e.g. in 1986, 
1992, 1998). As such for vegetables and for fruits, overall average radiation doses (kGy) of 
up to 1 and up to 2 kGy respectively, were evaluated as acceptable. However, as regulated 
in the EU by Framework Directive 1999/2/EC and Implementing Directive 1999/3/EC, so 
far only “dried aromatic herbs, spices and vegetable seasoning” at the maximum overall 
absorbed radiation dose of 10 kGy is allowed (EFSA 2011). Currently, the US FDA 
approves doses up to 4 kGy to control foodborne pathogens in fresh iceberg lettuce and 
spinach (FDA 2008) as a response to three multistate outbreaks of E. coli O157:H7 traced 
to spinach and lettuce (CDC 2008). However, this irradiation dose proved impractical for 
the inactivation of viruses on fresh produce as only <2 log10 virus reduction of MNV-1 (4 





et al. (2011) and a mere reduction of ≤0.70 log10 of MNV-1 was achieved on cabbage and 
strawberries in a study of Sanglay et al. (2011) (4 kGy, e-beam). As such, next to the 
inconvenience of a hesitant consumer acceptance towards irradiated food (logo: Figure 
1.11.), the doses required for a meaningful reduction of viruses typically exceed legally 
approved doses and what most produce will tolerate in terms of changes in appearance, 
flavor, color, and texture (Fan et al. 2008). 
1.3.4.2. Effect of high pressure processing 
High pressure processing (HPP) is a non-thermal process that inactivates pathogenic and 
spoilage microorganisms as well as endogenous enzymes and has been used as a “cold 
pasteurization” method for fruit juices, fruit desserts, avocado-based products, sliced 
onions, and ready-to-eat vegetable dishes (Kingsley 2013; RIVM 2013). Pressures up to 
1000 MPa are used that are instantaneously and uniformly transmitted throughout a 
sample, thus making this process independent on the shape or size of the food (Kingsley 
2013; Kovac et al. 2010). 
In research the effectiveness of HPP for viral inactivation has been tested on fresh produce 
matrices such as green onion slices (Kingsley et al. 2005), carrot juice, lettuce, blueberries 
(Li et al. 2013b), blueberry juice (Horm et al. 2012a), orange juice (Horm et al. 2012b), 
and different purees such as strawberry puree, lemon puree, tomato puree, watermelon 
puree and carrot puree (Lou et al. 2011). Although the resulting characteristics of the 
treated products are superior compared to heat-treated products, still HPP has been shown 
to affect sensory qualities such as color, texture, shape and rheological properties. 
However, these variable effects on the sensorial quality of fresh produce are depending on 
the pressure level and type of product (Kovac et al. 2010; Lou et al. 2011). As such, HPP 
has been recommended for processing of fruits intended for frozen storage, since freezing 
causes similar and more severe texture damage (Lou et al. 2011; Li et al. 2013b). Fresh 
produce related products such as purees, sauces, and juices are also fit for usage of HPP, as 
compared to intact fresh produce they lack the presence of intercellular air spaces that can 
be severely compressed during pressure treatment, inducing physical damage to the tissue 
(Li et al. 2013b). 
Next to the treatment parameters such as pressure levels and treatment time, also the 
matrix can have a significant influence on the effectiveness of HPP (Kovac et al. 2012; 
Lou et al. 2011; Kingsley et al. 2005). Some parameters, such as temperature and pH (Li et 
al. 2013b; Lou et al. 2011; Kingsley and Chen 2009), were shown to influence the HPP 
inactivation of different types of viruses, in a contradictory way. For example, colder initial 
temperatures of the product enhanced the inactivation of human NoV GI.1 (Leon et al. 
2011) and surrogates MNV-1, TV and FCV (Li et al. 2013b; Chen et al. 2005). In contrast, 




HAV, a picornavirus, is more resistant to HPP at a lower temperature than at room 
temperature (Kingsley and Chen 2009). The same for the parameter pH, where  human 
NoV (surrogates) tend to be more sensitive to HPP at neutral pH than at acidic pH (Lou et 
al. 2011; Li et al. 2013a). Whereas for HAV the opposite is true (Kingsley and Chen 2009). 
As such, direct validation of HPP conditions within the food or food matrix will be 
required, given the complexity of food matrices and the variable response of different 
viruses (Kingsley 2013). 
Among enteric viruses a high variability in pressure resistance has been noted, even 
different virus strains can behave differently under pressure (Shimasaki et al. 2009). As 
such, it is conceivable that different human NoV genogroups, and perhaps different 
clusters within a human NoV genogroup, would exhibit varied sensitivities to HPP (Leon 
et al. 2011). During testing, human NoV surrogates FCV and TV proved to be more 
susceptible to HPP compared to MNV-1 (Li et al. 2013b; Horm et al. 2012a). In a study by 
Lou et al. (2011) for application of HPP in the fresh produce industry, the optimal 
condition for MNV-1 inactivation by HPP in diverse fresh produce matrices was 
determined to be refrigeration temperature with a treatment pressure of 450 MPa and a 
holding time of 2 min. Using these conditions viral reductions between 4.7 and 7.0 log10 
were obtained without significantly altering the physical quality of the food samples (Lou 
et al. 2011). However, when the inactivation kinetics of MNV-1 (cell-culture) are 
compared to human NoV GI.1 (obtained during a human feeding study using infected high 
pressure processed oysters), human NoV might be more resistant to HPP than MNV-1. As 
in the human feeding study of Leon et al. (2011) treatment of oyster (seeded by injection) 
by HPP at 400 MPa, for 5 min at 6°C was insufficient to prevent NoV infection in human 
volunteers, suggesting that 4 log10 genome equivalent reduction was not achieved. While a 
5 min, 400 MPa treatment at 5°C was sufficient to inactivate 4.1 log10 PFU MNV-1 in 
oyster tissue (Kingsley et al. 2007). In the human volunteer study a 600 MPa treatment for 
5 min at 6°C was successful to inactivate human NoV GI.1 within raw oysters (Leon et al. 
2011). This higher resistance of human NoV to HPP was also observed when binding 
assays using porcine gastric mucin-conjugated magnetic beads followed by RT-qPCR 
assays were used for discriminating potentially infectious human noroviruses GI.1 
(Dancho et al. 2012) and GII.4 (Li et al. 2013a) following HPP. 
1.3.5. Effect of thermal treatment 
In food processing thermal processing is a classic inactivation strategy which involves 
heating of a food product at a temperature that ranges from 50 to 150°C, primary to 
inactivate foodborne pathogens and to inactivate endogenous enzymes. In light of the main 





paragraph will be restricted to the effect of classic heat treatment (e.g. pasteurization) and 
blanching, since heating of frozen berries has been regularly communicated as a mitigation 
strategy for FBO due to viral contaminated berries (Figure 1.12.) (Guzman-Herrador et al. 
2014). The possible effectiveness of this measure was illustrated during the German 
outbreak in 2012 due to contaminated frozen strawberries. During outbreak investigation it 
was noted that not all kitchens which used the implicated batch of frozen strawberries were 
linked to disease cases. This was a result of the different ways of preparing the strawberry 
compote among kitchens. As such, it was observed that those places receiving meals from 
kitchens where the strawberry compote was stewed (thoroughly cooked), were not affected 
by outbreaks. The schools and childcare facilities that received the compote from kitchens 
that did not sufficiently heat the compote were indeed obviously associated with disease 
cases (Task Force gastroenteritis 2012). 
 
Figure 1.12. Label of frozen raspberries (Hallon in Swedish) stating that the raspberries 
should be cooked at 90°C for at least 2 min before eating. 
In literature, an overall lower virus sensitivity to temperature change has been noted in 
complex matrices (e.g. dairy and food products) compared to simple matrices (e.g. 
drinking water and synthetic media) at the high temperature range (>50°C) (Bertrand et al. 
2012). Hence, validation of a specific heat treatment in the relevant food matrix is well-
considered. However in literature only a limited number of heat inactivation studies are 
available for produce matrices. Relevant matrices used for traditional heat inactivation 
experiments of enteric viruses/surrogates are restricted to purees of soft red fruits (e.g. 
raspberry, strawberry, bilberry) (Baert et al. 2008b; Deboosere et al. 2004; Deboosere et al. 
2010) and spinach (Bozkurt et al. 2014a). 




The risk of NoV infection remains associated with mildly pasteurized (30s at 65°C and 15s 
at 75°C) raspberry puree, since reductions less than 3 log10 were obtained for MNV-1 
(Baert et al. 2008b). The inadequacy of mild heat treatment steps at low temperatures can 
also be confirmed by a human challenge study in which human norovirus was found to 
remain infectious for volunteers after 30 min at 60°C (Dolin et al. 1972). Next to the virus 
type, matrix factors such as pH and sugar content have been confirmed to have a 
significant effect on heat inactivation of enteric viruses and surrogates. As such, studies are 
available that observed a rise in inactivation time of HAV (in strawberry mashes) and 
MNV-1 (in PBS), with increasing sucrose concentration and observed moderate rise in 
inactivation time of HAV (in strawberry mashes) with increasing pH. Attempts have been 
made to model the heat inactivation of HAV in berry mashes in function of temperature 
and product characteristics such as pH and sugar concentration (e.g. Deboosere et al. 
(2004) using synthetic media to mimic chemical characteristics of strawberry mashes and 
Deboosere et al. (2010) on berry mashes). However validation of the model by Deboosere 
et al. (2004) in fruit-based products failed. Weaknesses of the latter model of Deboosere et 
al. (2010) are the limited temperature range (i.e. 65 to 75°C) and the inclusion of the come-
up time (approx. 2 min) in the treatment time. This practice assumes that the temperature 
during this come-up time was constant and at the target temperature, and possibly explains 
the occurrence of a shoulder in the inactivation curves and the very low log reduction 
estimates when the model was used to calculate the effect of short heat treatments (e.g. 
0.02 and 0.16 log10 reduction at 30s and 1 min at 75°C and pH 2.5 respectively). In 
contrast, in-house data on MNV-1 heat inactivation in raspberry puree (75°C, 30 s) 
suggests a reduction of ≥4.29 log10 (non-published data). As such, there is a need for 
additional studies that take into account heat-inactivation kinetics during the phase of 
temperature increase to reach the target temperature (Deboosere et al. 2010) or models that 
do not include the preheating step at all. As in validation of time/temperature treatments in 
food processing, generally preheating and longer exposure to these temperatures during 
cooling down are not included to assume a worst case scenario in which the reduction 
solely originates from the actual heat treatment (Baert et al. 2008b). 
Another relevant thermal treatment process is blanching. Blanching is a thermal 
pretreatment (between 75°C and 105°C) that is generally conducted prior to freezing and 
canning to inactivate micro-organisms and enzymes and remove entrapped air. Both the 
hot water bath blanching process and steam blanching have been proven to be effective. As 
such, a reduction of ≥2.44 log MNV-1 (detection limit of assay was reached) was observed 
when fresh spinach was treated 1 min in a hot water bath of either 80°C or 90°C (Baert et 
al. 2008c). Confirmation of the effectiveness of (steam) blanching was provided in a study 





observed for HAV and FCV on fresh herbs when blanched at 95°C for 2.5 min. When 
blanching was performed at 75°C for 2.5 min, more variation in heat resistance of enteric 
viruses was observed, varying depending on the herb (e.g. HAV reduction on mint and 
chives was 1.7 and >3.0 log10 respectively) (Butot et al. 2009). 
In general, heat inactivation studies indicate that mild thermal inactivation methods (such 
as pasteurization) may not be stringent enough to eliminate human NoV (Escudero-Abarca 
et al. 2014; Baert et al. 2008b). However, cooking procedures in which an internal 
temperature of the food reaches at least 90°C for 90 seconds are considered adequate 
treatments to destroy viral infectivity in most foods (Anonymous 2012d; FAO/WHO 
2012). Following the recommendation for heat treatment of shellfish (90°C for 90 s), HAV 
was successfully inactivated in shellfish (Hewitt and Greening 2006). Several other 
thermal studies suggest that high temperature, short time treatments (e.g. 90°C, 30 s) 
should suffice for inactivation (>4 log10 reduction) of human NoV (surrogates) (e.g. 
Bozkurt et al. 2014b, in-house data on MNV-1 reduction in raspberry puree: ≥4 log10 for 
95°C, 30 s). Nevertheless, data concerning heat treatments of produce at temperatures 
>75°C are scarce and only available for a limited number of surrogates (e.g. Deboosere et 
al. 2004 for HAV). Hence additional relevant heat inactivation studies for this high 
temperature range in relevant produce matrices and for several (surrogate) viruses should 
be conducted to obtain more insight. 
1.3.6. Conclusions 
Overall, human NoV are introduced in the fresh produce chain by human fecal pollution 
and food handlers are believed to play a significant role. The high persistence of NoV in 
the environment combined with high resistance of NoV to commonly used 
decontamination practices (e.g. washing) of fresh produce, ensures the persistence of NoV 
between contamination and consumption due to the relative short shelf life of fresh 
produce. As such, effective control strategies need to focus on prevention of contamination 
and to limit cross-contamination. The most important routes identified in this literature 
study are contaminated food handlers, justifying the need for creating awareness on the 
issue of NoV and HAV and education of food handlers in good hygienic practices (GHP). 
In addition, contaminated irrigation water and process water have been shown to be 
relevant viral contamination routes of fresh produce. This introduces the need for 
assessment of the risk associated with the irrigation water source used, the implementation 
of proper water treatment options, and in case of washing of fresh produce the inclusion of 
good practices, including the correct use of sanitizers in situ the wash process. 
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2. EVALUATION OF VIRAL CONCENTRATION METHODS FROM 
IRRIGATION AND PROCESSING WATER  
2.1. ABSTRACT 
Four viral concentration methods were evaluated for their efficiency in recovering murine 
norovirus-1 (MNV-1) (surrogate for human noroviruses (NoV)) and MS2 bacteriophages 
from processing water (1 L) and four different types of irrigation water (bore hole water, 
rain water, open well and river water) (2-5 L). Three methods were based on the viral 
adsorption and elution principle, two methods using an electronegative HA-membrane 
(Katayama et al., 2002), one method used an electropositive Zetapor membrane according 
to CEN/TC275/WG6/TAG4 and the fourth method was based on size exclusion using a 
tangential flow filtration system. Detection of MNV-1 was achieved by real-time reverse 
transcription polymerase chain reaction (RT-qPCR) and detection of MS2 by double-layer 
plaque assay. For the recovery of MNV-1, the method using an electronegative HA-filter 
in combination with an elution buffer earlier optimized by Hamza et al. (2009) (Method 1) 
performed best for all types of water (recovery: 5.8 - 21.9%). In case of MS2 detection, the 
best method depended upon the type of water although Method 1 provided the most 
consistent recovery. 
To complete this evaluation, Method 1 was evaluated further for the concentration of 
human enteric viruses (GI and GII NoV, hepatitis A virus (HAV) and rotaviruses) in the 
same five types of water. At the same time the performance of two RT-qPCR assays, an in-
house two-step RT-qPCR versus a commercial one-step RT-qPCR assay, was tested for the 
detection of HAV and GI and GII NoV in these environmental water samples. Regarding 
the performance of the two RT-qPCR, only minor differences were observed, however the 
commercial one-step RT-qPCR seemed somewhat better optimized for environmental 
samples since slightly less inhibition was noticed in the undiluted RNA samples compared 
to the in-house assays. Hence the results using the commercial assay were further used for 
assessment of detection of human enteric viruses. Method 1 proved reliable for the 
detection of NoV and HAV in all water types, although detection of rotaviruses (RV) was 
somewhat less efficient. Mean recovery efficiencies ranged from 4.8% for detection of GI 
NoV in open well water to 32.1% for detection of HAV in bore hole water, depending on 






Viral pathogens, such as human infectious NoV and HAV, play a significant role in 
foodborne outbreaks throughout Europe and the USA (CDC 2009; EFSA 2010). Fresh 
produce are, next to shellfish and ready-to-eat foods, recognized as an important vehicle in 
the transmission of foodborne viral outbreaks (FAO/WHO 2008b). 
Fresh produce can be contaminated at the pre-harvest stage by contact with viral 
contaminated water or sludge or both at the pre-harvest and post-harvest stage by contact 
with asymptomatic or symptomatic infected food handlers, contaminated processing water 
or surfaces (Baert et al. 2009b; Carter 2005; Leon-Felix et al. 2010; Seymour and Appleton 
2001). Whereas human activity and thus food handler’s contamination is an established 
source of foodborne viruses and can be controlled by good hygienic practices and training, 
little knowledge is available on the prevalence of foodborne viruses in irrigation water or 
water used in post-harvest processes such as washing and rinsing, and thus its role for 
acting as a vehicle of transmission to fresh produce crops. Several sources of water are 
applied for irrigation of crops and this may range from ground water and collected rain fall 
(general assumed to be of good and even potable water quality) to surface water (streams, 
rivers) and may include in some regions also insufficiently treated wastewater with 
variable microbial quality (Pachepsky et al. 2011). Microbial quality is generally measured 
by the use of bacterial indicator organisms such as coliforms, fecal coliforms and 
Escherichia coli but these indicator organisms may not be an accurate reflection of enteric 
virus presence (Jurzik et al. 2010; Steele and Odumeru 2004). The results of previous 
screenings in water have shown that human enteric viruses are abundantly present in 
diverse ranges of water sources in the environment worldwide (Lodder et al. 2010; 
Miagostovich et al. 2008; Victoria et al. 2010; Wyn-Jones et al. 2011). River water 
samples are likely to be contaminated as they are fed continuously with effluents of waste 
water treatment plants, which are optimized for the removal of bacteria and are less 
effective in removing viruses (da Silva et al. 2007; Hewitt et al. 2011; Maunula et al. 2012; 
Ueki et al. 2005). Even though river water is one of the irrigation water sources that is 
most likely to be contaminated with hazardous microorganisms, this water type is in most 
parts of the world most commonly used for irrigation of salads which are to be consumed 
raw (Knox et al. 2011). Even in water sources considered relatively safe for bacterial 
contamination, such as ground water, viruses could be detected (Cheong et al. 2009; Park 
et al. 2010; Steyer et al. 2011). Although a link has been made between the detection of 
human enteric viruses on the irrigated vegetables and in the irrigation water (Cheong et al. 
2009; van Zyl et al. 2006), at present few studies have looked into the prevalence of 
foodborne viruses such as NoV, HAV and RV in sources of irrigation water in order to 
estimate the possibility of viral contamination of fresh produce irrigated with these waters. 




This in part due to the need of laborious viral concentration and detection methods and the 
insufficient knowledge on their performance in these types of water matrices. As such, 
most studies that concentrate on the performance of different viral concentration methods 
from water, focus on other types of water such as standardized water (e.g. distilled water) 
(Lee et al. 2011), drinking water, source water for drinking water production (Gibson and 
Schwab 2011), influent and effluent waters in order to evaluate the efficiency of waste 
water treatment plants in their removal of viruses (Albinana-Gimenez et al. 2009; Wyn-
Jones et al. 2000), and seawater as production area of bivalve mollusks or recreational zone 
(Gibbons et al. 2010).  
The aim of this study was to select an appropriate viral concentration method for 
monitoring the presence of foodborne viruses in different types of irrigation water and also 
post-harvest washing water used in fresh-cut produce industry. To our knowledge this is 
the first study that attempts to evaluate different viral concentration methods for the 
detection of foodborne viruses in various types of water applied commonly in the 
horticultural sector during agricultural production and further processing. In the current 
study two different approaches to concentrate viruses in water were evaluated. Three 
methods applying the VIrus ADsorption and ELution (VIRADEL) principle, based on a 
protocol described by CEN/TC275/WG6/TAG4, Hamza et al. (2009), Katayama et al. 
(2002) and Wyn-Jones et al. (2011), were compared to a single method based on the 
principle of size-exclusion, more specifically ultra-filtration using a tangential flow 
filtration system previously validated by Ceeram (La Chapelle-sur-Erdre, France). MNV-1 
and bacteriophage MS2 served as human enteric viral pathogen surrogates for the 
evaluation of the four viral concentration methods, in four types of irrigation water (bore 
hole water, rain water, open well water, river water) and one type of processing water. A 
wide range of irrigation water types were chosen as it is clear from previous experiments 
that a single viral concentration method can show different recovery efficiencies depending 
on the type of water examined (Haramoto et al. 2009; Lewis et al. 2000;Victoria et al. 
2009). For the detection of MNV-1, molecular methods were selected for detection since 
for the detection of major food-/waterborne enteric viruses an appropriate cell culture does 
not exist (Koopmans and Duizer 2004).  
Based on the comparison of the different viral concentration methods, one method was 
selected for further evaluation with a broad panel of human enteric viruses, including GI 
and GII NoV, RV and HAV, in the same five types of water. Furthermore, for the detection 
of GI, GII NoV and HAV the performance of commercially available one-step RT-qPCR 
detection kits for the separate detection of GI, GII NoV and HAV (Ceeram, La Chapelle-





the detection of GI and GII NoV (Stals et al. 2009a) and with an in-house adapted two-step 
RT-qPCR protocol derived from literature (Costafreda et al. 2006) for the detection of 
HAV. The goal was to assess both assays in their performance for the detection of NoV 
and HAV in the presence of possible inhibitors naturally present in environmental water 
samples.  
2.3. MATERIALS AND METHODS 
2.3.1. Water samples  
Four primary concentration methods were tested for their efficiency in recovering viruses 
from various types of water. For the purpose of this study all types of irrigation water 
samples – bore hole water, rain water, open well water and river water - were collected in 
an agricultural area surrounding the city of Ghent (Belgium). Bore hole water was taken 
from a 9 m deep well in sandy soil. Rain water was collected from an underground tank 
where the water was stored after it was collected initially from a roof top situated in an 
agricultural area. Open well water was collected from an open well situated in a pasture. 
River water was taken from the ‘Oude Leie’ (an old cut off part of the river ‘Leie’) before 
entering Ghent, while processing water was taken from a local fresh cut lettuce processing 
plant from the water bath at the end of the washing stage of mixed salad. The processing 
water was dechlorinated by the addition of 100 mg/L sodium thiosulfate (Sigma-Aldrich, 
Steinheim, Germany). Water samples of each source were taken on two different 
occasions: during spring and at the end of the summer. Sampling volumes of 1 - 5 L were 
processed when possible (depending on the method and type of water sample). Water 
quality parameters analyzed just before filtration were pH and total suspended solids (TSS) 
according to Standard Methods (1998) (APHA 1998). Samples were stored at 4°C for a 
maximum of 48 hours before use in the experimental set-up.  
2.3.2. Artificial contamination of water samples 
For the initial comparison of the four different viral concentration methods, water samples 
were contaminated artificially with MNV-1, a human NoV surrogate kindly provided by 
Prof. H. W. Virgin, and with MS2 bacteriophages, kindly provided by the Flemish Institute 
of Biotechnology (VIB, Ghent, Belgium). MNV-1 was cultured as described earlier 
(Wobus et al., 2004) and MS2 was cultured according to ISO 10705-1 (ISO 1995). Stock 
dilutions of MNV-1 and MS2 were prepared in respectively PBS (Lonza, Verviers, 
Belgium) and PPS and stored in aliquots at -80°C until use. Concentrations of MNV-1 
genomic copies and MS2 titer (in PFU) were respectively determined by real-time RT-
PCR (Baert et al. 2008d; Stals et al. 2009a) and double-layer plaque assay, ISO 10705-1 




(ISO 1995). Water samples were spiked to a final concentration of approx. 7 log MNV-1 
genomic copies/L and approx. 7 log MS2 PFU/L. 
For the further evaluation of the selected viral concentration method, the five different 
types of water were contaminated artificially with NoV, RV and HAV. NoV GI.4 and 
GII.4, and rotavirus G1P[8] stool samples were kindly provided by the National Institute 
for Public Health and the Environment (RIVM, Bilthoven, the Netherlands). From these 
samples a 10% stool suspension was made in PBS (Lonza) and subjected to centrifugation 
(2000 ×g, 15 min, room temperature (RT)). The supernatant was transferred to a new tube. 
From this solution tenfold dilutions were made in PBS (Lonza). HAV lysate (HM-175) 
was cultured in FRhK-4 cells as previously described (Nasser and Metcalf 1987), although 
slightly modified. HM-175 quantification was performed by TCID50 and an agar overlay 
plaque assay. Dilutions of this HAV lysate were made in PBS (Lonza). Aliquots of all the 
spikes were stored at -80°C until use. Concentrations of genomic copies of all human 
enteric virus inoculums were determined by real-time RT-PCR. Water samples were 
spiked to obtain concentration of approx. 6 log GI.4 NoV genomic copies/L, 7 log GII.4 
NoV genomic copies/L, 7 log HAV genomic copies/L (estimated final titer of approx. 10
6
 
TCID50/ L water sample) and approx. 7 log RV RT-PCRU/L. 
2.3.3. Virus concentration methods 
Four viral concentration methods were tested for their efficiency in recovering MNV-1 and 
MS2 phages in four types of irrigation water (bore hole water, rain water, open well water 
and river water) and in fresh cut lettuce processing water, all inoculated as stated above. 
An overview of the viral concentration methods evaluated in this study is presented in 
Figure 2.1. Methods 1, 2 and 3 are based on the virus adsorption and elution (VIRADEL) 
principle and used an electronegative (HA-filter, Millipore) or an electropositive filter 
(Zetapor, 3M) (Wyn-Jones and Sellwood 2001). As viruses are normally negatively 
charged in the environment, viruses can adsorb to the electropositive membrane by 
electrostatic interactions. In case an electronegative membrane is used, the water samples 
need to be preconditioned by lowering the pH of the water sample below the virus 
isoelectric point and by addition of magnesium chloride (Ikner et al. 2012) in order to 
adsorb the viruses by electrostatic and hydrophobic interactions (Lukasik et al. 2000; 
Shields and Farrah 1983). In these methods, membranes with a diameter of 142 mm were 
used in a pressure pump system for water filtration (Millipore, Bedford, MA, USA). 
Maximum filtration speed was set at 30 L/h. In the fourth method, based on size exclusion, 
a tangential flow filtration system was used (Vivaflow 50 cassettes of Sartorius 
(Goettingen, Germany), molecular weight cut-off value (MWCO) = 50 000). For the 





water, a sample volume of 5 L was used for Methods 1, 2 and 3 and 2 L for Method 4. In 
case of the processing water, 1 L was used in all methods. As this study determined the 
performance of different viral concentration methods in subsamples of the same water 
sample, variation due to differences in water chemistry were minimized. Additionally, the 
indigenous contamination of GI and GII NoV in all water types was examined using the 
four viral concentration methods in combination with a recently developed in-house two-
step RT-qPCR (Stals et al. 2009a). 
Subsequently, Method 1 was evaluated further concerning its efficiency in recovering 
human enteric viruses like NoV (GI.4 and GII.4), HAV and RV. All sample volumes were 
the same with the exception of the open well water where only 2 L could be processed due 
to a higher presence of algae blocking the filter. All viral concentration and extraction 
experiments, for each method and each type of water, were done in triplicate. 
 
Figure 2.5. Schematic overview of the different viral concentration methods evaluated for the 
recovery of MNV-1 and MS2 phages 
 
2.3.3.1. Method 1 
Method 1 (HA-Tr alk) was elaborated based upon a previously reported method by 
Katayama et al. (2002) with an elution buffer optimized by Hamza et al. (2009). Briefly, a 
water sample volume of 1 - 5 L, depending on the water type, was spiked with viruses and 
MgCl2 was added to a final concentration of 0.05 M. Finally the pH was adjusted to 3.5 




with 1 M HCl. A type HA negatively charged membrane (HAWP14250, Millipore, 
Ireland) with a 0.45 µm pore size and a 142 mm diameter was used in a pressure pump 
system for water filtration. Glass fiber filters (AP15 and AP20, Millipore, Ireland) were 
used as prefilters to delay clogging of the HA-filter. After filtration the membranes were 
rinsed with 300 ml 0.5 mM H2SO4 (pH 3.4) to facilitate the elution with 70 ml Tr alk 
elution buffer (0.05 M KH2PO4, 1.0 M NaCl, 0.1% (v/v) Triton X-100, pH 9.2) as 
suggested by Hamza et al. (2009). During elution, buffer was added on top of the 
membranes to soak the membranes for 10 min without applying pressure. After 10 min of 
incubation the elution buffer was filtered through the membranes to elute viruses by 
applying pressure after which the concentrate was immediately neutralized using 1 M HCl. 
Secondary concentration was done by precipitation through addition of PEG-6000 (Sigma-
Aldrich, Steinheim, Germany) and NaCl (Sigma-Aldrich, Steinheim, Germany) in a final 
concentration of respectively 12.5% (w/v) and 0.3 M. After overnight incubation on a 
shaking platform at 4°C, the concentrate was centrifuged at 10 000 x g for 30 min at 4°C. 
The pellet was suspended in 2 ml of PBS (Lonza) and subjected to a chloroform:butanol 
(C:B) purification step as previously described by Baert et al. (2008a). Briefly, 1 ml of the 
suspended pellet was treated with one volume of C:B (1:1, v/v) to remove inhibitory 
substances from the virus concentrate. The mixture was vortexed, incubated for 5 min at 
RT and centrifuged again at 10 000 x g for 20 min. The aqueous phase (supernatant) was 
isolated and stored at -80°C until RNA purification. The remaining 1 ml suspended pellet 
was likewise stored at -80°C for the detection of phages. 
2.3.3.2. Method 2 
In Method 2 (HA-SM) the same type of water pretreatment, negatively charged filter and 
prefilters  and acid rinse were used as in Method 1. However, the elution buffer (70 ml) in 
this method was a 0.1% skimmed milk solution in 0.05 M glycine buffer (pH 9.5) as 
previously used by Wyn-Jones et al. (2011). After elution (performed as in Method 1) 
secondary concentration was performed by organic flocculation. The eluate was 
flocculated by the addition of 1 M and 0.1 M HCl until the pH reached 4.5. The resulting 
protein flock, containing the virus, was deposited by centrifugation at 7000 x g for 30 min 
at 4°C. The pellet was dissolved in 2 ml PBS after which the C:B purification step took 
place on 1 ml. The resulting supernatant was stored at -80°C until further RNA 
purification. The rest of the suspended pellet was stored at -80°C for detection of 
bacteriophage MS2. 
2.3.3.3. Method 3 
Method 3 (Zet-TGBE) was based upon the proposed method by CEN/TC275/WG6/TAG4 





(NM 14201 045SP, 3M, Meriden, CT, USA) was used in the pressure filtration system. 
Glass fiber filters were used as prefilters (AP20 and AP15). When the pH of the initial 
water was below 6.0 or exceeded 8.0, the pH was adjusted to 7.0-7.4 by adding NaOH or 
HCl. After filtration, 70 ml of TGBE (1%) elution buffer was added on top of the filter, 
followed by a 10 min incubation step. Next the elution buffer was filtered through the 
membranes by raising the pressure and immediately neutralized with 6 M HCl. The 
secondary concentration method (PEG precipitation) and subsequent C:B purification were 
performed as in Method 1. Samples were stored at -80°C until further processing. 
2.3.3.4. Method 4 
Viral concentration Method 4 (Viv-G) was based on a method previously validated by 
Ceeram (La Chapelle-sur-Erdre, France). The Vivaflow 50 cassettes (VF05P3, Sartorius 
Stedim Biotech, Goettingen, Germany) (MWCO = 50 000) were used as a tangential flow 
filtration system. These cassettes have a polyethersulfone membrane of 50 cm
2
 active 
membrane area and were connected to a peristaltic pump (Masterflex L/S economy digital 
drive, Metrohm, Antwerp, Belgium).  In case of irrigation water 2 L of spiked water was 
filtered (maximum speed: 100 ml/min) until a concentrated sample volume of ca. 15 ml 
was reached. Afterwards the cassette was rinsed with glycine buffer (0.05 M glycine, 0.15 
M NaCl, pH 9.5) to have a final volume of 40 ml. After collection the pH of this 40 ml was 
neutralized and secondary concentration was performed by PEG precipitation by adding 
PEG-6000 until a final concentration of 10% (w/v) was reached. Hereupon, the overnight 
incubation, the concentration, the C:B purification step and subsequent storage of the 
samples was performed as described in Method 1. 
In the case of the processing water a pre-filtration through a glass fiber filter (AP20) using 
the pressure filtration system was necessary before the tangential flow filtration 
concentration. The prefilter was eluted with 50 ml glycine buffer (contact time: 10 min) 
and this concentrate was pooled together with the one resulting from the subsequent 
tangential flow filtration.  
2.3.4. Enumeration and detection of MS2 phages and MNV-1  
2.3.4.1. MS2 bacteriophage enumeration 
MS2 bacteriophages were quantified with the double-layer plaque assay in accordance 
with ISO 10705-1, using Salmonella Typhimurium strain WG49 as a bacterial host 
(Anonymous 1995). 
2.3.4.2. Real-time RT-PCR for the detection of MNV-1  
For nucleic acid purification the automated NucliSens® EasyMAG
TM
 system (Biomérieux, 
Boxtel, the Netherlands) was utilized. After lysis of the samples (1 ml) in 2 ml lysis buffer 




(Biomérieux, Marcy-l’Etoile, France) for 30 min at 56°C, the off-board protocol was used 
according to manufacturer’s instructions. The nucleic acids were eluted in a final volume 
of  25 µl and stored at -80°C until further use. 
Detection of MNV-1 was performed by a two-step real-time RT-PCR protocol. The 
reverse transcription (RT)-step, already described was performed on the undiluted and 
diluted (1/10 and 1/100) RNA extracts (Stals et al. 2009a) and the cDNA was stored at -
20°C. Quantitative real-time PCR (qPCR) was performed according to Stals et al. (2009a) 
using the MNV-1 primers, probe and plasmid described by Baert et al. (2008d). 
Amplification data was collected and analyzed with the SDS 7300 Real-time PCR 
Systems’ software (Applied Biosystems). A standard curve was generated using ten-fold 
serial dilutions (10
7
 to 10 genomic copy) of the plasmid p20.3. All samples and standards 
were run in duplicate, except for the cDNA derived from the 1/100 diluted RNA extracts. 
2.3.4.3. Detection of the indigenous contamination of water samples with GI 
and GII NoV 
All concentrates of water samples obtained in the comparative study were reanalyzed in 
order to detect indigenous contamination of the tested water types with GI and GII NoV. 
Detection of GI and GII NoV was performed according to the in-house two-step duplex 
RT-qPCR described by Stals et al. (2009a). In this protocol, 3 µl of extracted RNA was 
used in a total final volume of 20 µl for RT-PCR. Subsequently, 5 µl was used for qPCR. 
The used fluorophore/quencher combinations for GI/GII NoV hydrolysis probes were 
respectively 6-FAM/BHQ-1 (Integrated DNA Technologies, Leuven, Belgium) and 
HEX/BHQ-2 (Integrated DNA Technologies). 
2.3.4.4. Detection of inhibition in real-time RT-PCR 
 For each of the samples of the different concentration methods/water type combinations, 
dilutions were made of the RNA extracts up to 1/100 in nuclease free water (Qiagen, 
Hilden, Germany) to test for possible inhibition during the RT-qPCR. This high level of 
dilution and the expected Ct increases  between dilutions helped ensure that PCR inhibition 
was not a factor in determining the recovery efficiency when the data obtained for the 1/10 
diluted RNA samples was used. 
2.3.5. Detection of human enteric viruses  
After the comparison of four viral concentration methods for the detection of MNV-1 and 
MS2, the method with the best overall performance with regard to recovery efficiency over 
the wide range of water types tested (Method 1) was evaluated further for its efficiency in 
recovering relevant foodborne viruses such as NoV (GI.4 and GII.4), HAV and RV from 





river water and processing water). For the nucleic acid purification the method described 
earlier for the detection of MNV-1 was used with the exception that the final elution 
volume was 50 µl instead of 25 µl. Quantitative detection was accomplished with real-time 
RT-PCR.  
2.3.5.1. Detection of rotavirus 
For the detection of RV a two-step TaqMan® RT-qPCR assay was used, based on the one-
step assay designed by Jothikumar et al. (2009) that targeted the NSP3 region of the virus 
genome. The reverse transcription step was performed as described by Stals et al. (2009a). 
All cDNA was stored at -20°C. Quantitative real-time PCR was carried out in a 25 µl 
reaction mix containing 5 µl of the target’s cDNA and 12.5 µl of TaqMan Universal PCR 
Master Mix (Applied Biosystems, Branchburg, NJ, USA), which contains dUTP and 
uracyl N-glycosylase (UNG). The used primers and probe sequences are identical as 
described earlier by Jothikumar et al. (2009). The TaqMan® probe, labeled 5’ FAM/3’ 
BHQ-1 (Integrated DNA Technologies), was used at a final concentration of 100 nM, and 
the primers (Integrated DNA Technologies) were used at a final concentration of 250 nM 
(each). Real-time PCR amplifications were performed using the following conditions: 
incubation at 50°C for 2 min to activate UNG, initial denaturation/activation at 95°C for 10 
min, followed by 50 cycles of denaturation at 94°C for 10 s, annealing at 55°C for 30 s 
(fluorescence data collection at the end of annealing step), and extension at 72°C for 20 s. 
2.3.5.2. Detection of GI,GII NoV and HAV  
In-house two-step duplex RT-qPCR protocol for detection of GI and GII NoV was 
performed as defined in section 2.3.4.3. 
In-house two-step RT-qPCR for detection of HAV was performed using the primers and 
probe combination and concentrations as suggested by the CEN/TC275/WG6/TAG4 
working group, for which the primers and probe were described by Costafreda et al. 
(2006). RT-PCR was performed according to the same protocol as for GI and GII NoV 
two-step detection. Quantitative real-time PCR was carried out in a 25-μl reaction mix 
containing 5 μl of target cDNA and 12.5 μl TaqMan Universal PCR Master Mix (Applied 
Biosystems, Branchburg, NJ, USA). The 5′ FAM minor groove binding TaqMan® probe 
(Applied Biosystems, Foster City, CA, US) was used at a final concentration of 250 nM 
and forward and reverse primers (Integrated DNA Technologies, Leuven, Belgium) at a 
final concentration of 500 and 900 nM, respectively. The qPCR conditions were as 
follows: 2 min at 50 °C to allow the working of UNG, 10 min at 95 °C as initial 
denaturation/activation step, followed by 50 cycles of denaturation at 95 °C for 15 s, 
annealing at 60 °C for 1 min, and extension at 65 °C for 1 min. Fluorescence data were 
collected at the end of the extension step.  




The commercial one-step RT-qPCR detection assays for separate detection of GI, GII NoV 
and HAV, were named ‘norovirusGI@ceeramTools®.environmental’, ‘norovirusGII 
@ceeramTools®.environmental’ and ‘hepatitisA@ceeramTools®.environmental’ kits 
respectively (Ceeram, La Chapelle-sur-Erdre, France). These kits were used according to 
manufacturer’s instructions. In these protocols 5 µl of RNA extract were used in a total 
volume of 25 µl reaction mixture. Primers and probes for qPCR present in these reaction 
mixtures are in accordance with the ones defined by CEN/TC275/WG6/TAG4. An internal 
amplification control (IPC) and positive and negative controls were included in each of 
these kits. 
2.3.5.3. Absolute quantification and inhibition assessment  
Absolute quantification was possible through the generation of a real-time PCR standard 
curve for each of the RT-qPCR detection assays described in section 2.3.5. Plasmids were 
used in the case of HAV, GI and GII NoV detection. For GI and GII NoV, the previously 
described plasmids by Stals et al. (2009a) were used. In the case of HAV, pCR 2.1-TOPO 
cloning vectors (Invitrogen, Carlsbad, CA, USA) containing a 174 bp PCR amplicon 
covering the primers-probe binding sites were kindly donated by the Belgian Scientific 
Institute of Public Health in Brussels (IPH, Brussels, Belgium). Tenfold serial dilutions 
ranging from 10
7
 to 10 copies of all three plasmids were used to prepare the standard 
curves. In case of quantification of RV, a tenfold dilution series was used of cDNA 
retrieved from a 1/10 diluted feces sample of RV G1P[8] for generating the standard curve. 
The highest dilution giving a positive qPCR signal was assumed to be one RT-PCR unit 
(RT-PCRU). As such an RT-PCRU is the lowest amount of viral genomic material that can 
be detected when using RT-PCR. Therefore viral loadings of RV were expressed in RT-
PCRU. All standard curves were generated in duplicate. Quantitative PCR was performed 
on the SDS 7300 Real-time PCR System (Applied Biosystems) with the inclusion of 
positive and negative controls. The amplification data were collected and analyzed with the 
SDS 7300 instruments’ software.  
The influence of molecular detection inhibiting substances on the performance of the 
different RT-qPCR assays for detection of GI & GII NoV and HAV was tested per matrix 
(ground water, rainwater, open-well water, river water, and processing water) by the 
dilution approach. In essence, this approach is focused on the Ct difference between 
undiluted RNA and 1/10 diluted RNA extracts; if the sample is inhibited, then the 
difference between Ct values of the undiluted and 1/10 diluted RNA extracts will be 
smaller than expected for samples not inhibited. Samples showing a ΔCt value <(slope 
standard curve −0.5) were considered as inhibited. RNA was maximally 1/100 diluted. The 





was not a factor in determining the viral titer of the water samples when the data obtained 
for the 1/10 diluted RNA samples were used for further analysis. 
2.3.6. Data analysis 
The 1/10 diluted RNA samples were considered inhibitor free and were used for the 
calculation of the recoveries and the success rates. Except for the Method 2/open well 
water combination data resulting of the 1/1 dilution were used as all repeats were negative 
for the 1/10 diluted RNA. The recovery percentage of the spiked viruses was calculated 
using the following equation: percentage of recovery = the number of recovered viruses/the 
number of seeded viruses x 100. The success rate of a method in a specific type of water or 
for the detection of a specific human enteric virus was calculated using the following 
equation: success rate = number of repeats in which detection of the virus was possible/ 
number of performed repeats. For MS2, the number of viruses was expressed as plaque 
forming units (PFU), for NoV, MNV-1 and HAV as genomic copies (GC) and for RV as 
RT-qPCRU. 
As the dataset was limited to three independent repeats for each method/ water type 
combination and human enteric pathogen/water type combination, non-parametric 
statistical tests were preferred. In case of the comparison of the four viral concentration 
methods for their efficiency in recovery of MNV-1 and MS2 for each of the five types of 
water, the Kruskal-Wallis (KW) test was used. In this test ranks were assigned by 
assigning the higher value to the better concentration method for a particular water type. 
The Mann-Whitney (MW) test was used to analyze the significance of the difference 
between the most efficient concentration methods for one water type (received the highest 
rank by the KW-test). The influence of the different types of water on the recovery 
efficiencies for MNV-1 and MS2 for each of the four methods was analyzed with the 
Kruskal-Wallis (KW) test too. The Friedman’s test was used to compare the efficiencies of 
the different concentration methods for all five types of water. The Friedman’s test 
assigned a higher rank to the more efficient method based on the performance of the 
method in all five types of water. Wilcoxon signed-rank (Ws) test was used to test the 
significance of the difference between the most efficient primary concentration methods.  
In case of the evaluation of Method 1 for the detection of NoV, HAV and RV in five 
different types of water, the significance of the impact of the type of water on the recovery 
efficiency of each human enteric pathogen was analyzed according to the KW-test. The 
recovery efficiencies of Method 1 for MNV-1, GI and GII NoV throughout the different 
types of water were compared according to the Friedman’s test which assigned a higher 
value to the more efficient recovered pathogen in all water types. The same test was 




performed to compare the recovery of Method 1 for HAV, GI and GII NoV and RV 
throughout the different types of water. 
Both the Friedman’s test and the Wilcoxon signed-rank test were calculated on the median 
recovery efficiencies (median values not presented) for each concentration method/ water 
type combination or pathogen/ water type combination. 
Statistical analysis was performed using SPSS software, version 19 (SPSS Inc., Chicago, 
IL, USA). p-Values ≤0.05 were deemed statistically significant. 
2.4. RESULTS  
2.4.1. Water sample characteristics 
In the present study, two rounds of water sampling occurred from the same location for 
each of the five types of water involved. The first water sample was used for the 
comparison of different viral concentration methods for the recovery of MNV-1 and MS2 
and the second water sample was used for the evaluation of the selected viral concentration 
method for the recovery of a broad panel of human enteric viruses including GI and GII 
NoV, RV and HAV. In the first round of sampling, the pH of the water samples was 6.92, 
7.52, 9.06, 7.57 and 4.85 respectively for bore hole water, rain water, open well water, 
river water and processing water and the concentration of TSS 1.1, 0.5, 7.5, 20.1 and 133.9 
mg/L respectively for each of these waters. In the second round of sampling the pH was 
6.48, 8.22, 6.71, 7.24 and 7.30 respectively for bore hole water, rain water, open well 
water, river water and processing water and the concentration of TSS 7.6, 1.2, 28.7, 36.0 
and 31.6 mg/L. For the determination of the pH three measurements were made. For the 
determination of the concentration of TSS three to four repeats were done for each water 
type. 
2.4.2. Detection of MNV-1 in various types of water  
The mean recovery efficiencies of the various viral concentration methods for the detection 
of MNV-1 in processing water and four different types of irrigation water, are summarized 
in Table 2.1. For all water types, the mean recovery of MNV-1 obtained with Method 1 
was higher than all other methods although in only three types of water (bore hole water, 
open well water and processing water) this difference was statistically significant (Mann-
Whitney test, p ≤0.05). Method 1 also got the highest rank according to the Friedman’s test 
(p = 0.011). Mean recoveries of Method 1 ranged from 4.76% for detection in open well 
water to 21.87% for bore hole water. The type of water had no significant impact on the 






When the success rates for the detection of MNV-1 were evaluated for the four primary 
concentration methods, only Method 2 failed to detect MNV-1 in every repeat and was 
unable to detect MNV-1 at all in processing water. Methods 1, 3 and 4 enabled 
concentration and subsequent RT-PCR detection of MNV-1 in all 1/10 diluted RNA 
samples. Nevertheless, inhibition during real-time RT-PCR played an important role for 
these methods when the undiluted RNA samples were analyzed, especially in case of open 
well water, river water and processing water. The failure of detecting MNV-1 by Method 2 
was probably due to the inability of the used secondary concentration method (organic 
flocculation) to concentrate the viruses efficiently. This was examined by spiking the 
elution buffer of each method with a fixed amount of genomic copies of MNV-1 and 
performing the correspondent secondary concentration. For the recovery of MNV-1 the 
secondary concentration method used in Method 2 was clearly the least effective, which 
can explain the lower recovery of Method 2 when compared to Method 1 (data not shown). 
2.4.3. NoV detection in environmental water samples 
All the water samples included in the evaluation study of the four viral concentration 
methods were also analyzed for the indigenous presence of GI and GII NoV. The river 
water sample turned out to be positive for GI and GII NoV while all other samples tested 
negative for both NoV genotypes. All of the tested (1/10 diluted) river water samples, 
obtained after concentration with the four different viral concentration methods, tested 
positive for GI and GII NoV, except for the samples obtained with Method 2. These 
samples were negative for both GI and GII NoV. As both Methods 1 and 3 started from 5 
L water and subsequent dilution steps were identical, Ct values could be compared 
directly. The Ct-value obtained with Method 1 were 2 - 3 Ct values lower than those 
obtained with Method 3 when the 1/10 diluted RNA was examined (data not shown). This 
indicates that Method 1 had a higher recovery efficiency than Method 3. As Method 4 
concentrated only 2 L river water, direct comparison of the Ct values with the results for 
Methods 1 and 3 (5 L sample volume) was not possible. As such, these results partially 
confirm the selection of Method 1 as the preferred method for further performance testing 
in concentration and detection of the GI and GII NoV, RV and HAV. 
  
Table 2.1. Mean recovery efficiencies of the various concentration methods for the detection of MNV-1 in the processing water and four different 
types of irrigation water 
Water Type 
















Range µ (%) 
(success 
rate) 
Range µ (%) 
(success 
rate) 




Bore hole water 21.87
(1)
(3/3) 7.59-37.01 0.07    (2/2) 0.05-0.08 1.63
(2)
 (3/3) 0.56-3.24 0.71    (3/3) 0.23-1.00 0.036* 0.050* 
Rain water 5.78
(1)  
 (3/3) 2.99-10.97 nt nt 4.96
(2)
 (3/3) 0.50-8.75 0.50    (3/3) 0.16-0.89 0.113  
Open well water 4.76
(1)     








 (3/3) 2.30-15.24 0.02    (2/3) 0.02-0.03 1.15    (3/3) 0.81-1.52 2.79
(2)
 (3/3) 1.67-3.42 0.022* 0.275 
Processing water 9.24
(1)




 (3/3) 0.28-0.71 0.020* 0.050* 
0.050* 

















nt : not tested; ‘-’: no detection, below detection limit;  
a
 µ is the mean recovery efficiency of three values 
b
 KW-test = Kruskal-Wallis test 
c
 The Mann-Whitney (MW) test was done between the two most efficient concentration methods (which got the largest mean rank according to the KW-test). The mean 
values of these two methods are indicated with a (1) for the highest mean rank and (2) for the second highest mean rank. When the range of the method with the third highest 
mean rank was included or covered in the range of the method with the second highest mean rank this method’s mean was indicated with (3) and two MW-test were done: (1) 
– (2) and (1) – (3). 
d 
The Wilcoxon signed-ranks (Ws) test was done between the most efficient concentration methods (which got the largest mean rank according to the Friedman’s  test). The 
two p-values are respectively the p-values of the Wilcoxon signed rank test between the median recovery efficiencies of the concentration methods with the ranks indicated 
with (1)-(2) and (1)-(3). 
‘*’ : A significant difference was detected according to the used statistical test (p ≤ 0.05)   
  
 
Table 2.2. Mean recovery efficiencies of the various concentration methods for the detection of MS2 bacteriophages in processing water and four 
different types of irrigation water  
Water Type 














Range µ (%) 
(success 
rate) 
Range µ (%) 
(success 
rate) 




Bore hole water 5.13
(2)
 (3/3) 3.49-7.14 0.02 (3/3) 0.01-0.02 17.86
(1)
 (3/3) 14.52-19.76 0.03(3/3) 0.02-0.04 0.026* 0.050* 
Rain water 5.57
(2)
 (3/3) 3.98-6.52 nt nt 11.03
(1)
 (3/3) 9.71-12.73 0.47 (3/3) 0.08-0.26 0.027* 0.050* 
Open well water 2.02
(2)
 (3/3) 1.13-3.23 0.01 (3/3) 0.01-0.02 0.26 (3/3) 0.18-0.33 3.24
(1)
 (3/3) 2.42-3.69 0.019* 0.127 
River water 3.44
(2)
 (3/3) 2.38-3.97 0.03 (3/3) 0.02-0.03 0.77 (3/3) 0.68-0.83 3.76
(1)
 (3/3) 3.49-4.07 0.024* 0.825 
Processing water 4.15
(1)
 (3/3) 1.98-5.32 0.10 (3/3) 0.09-0.11 0.35 (3/3) 0.32-0.38 1.33
(2)
 (3/3) 1.22-1.64 0.024* 0.050* 










 1.00 2.50 3.00
(2)
 0.038* 0.138 
nt : not tested;  
a
 µ is the mean recovery efficiency of 3 experiments  
b
 KW-test = Kruskal-Wallis test 
c
 The Mann-Whitney (MW) test was done between the two most efficient concentration methods (which got the largest mean rank according to the KW-test). The mean 
values of these two methods are indicated with a (1) for the highest mean rank and (2) for the second highest mean rank.  
d 
The Wilcoxon signed-ranks (Ws) test was done between the most efficient concentration methods (which got the largest mean rank according to the Friedman’s test, 
indicated with respectively (1) and (2)).  
‘*’: a significant difference was detected according to the used statistical test (p ≤0.05) 
 




2.4.4. Detection of MS2 in various types of water  
The mean recovery efficiencies of the various viral concentration methods for the detection 
of MS2 bacteriophages in processing water and four types of irrigation water are 
summarized in Table 2.2. Regarding the effect of the water type on the recovery efficiency 
of the viral concentration method, results suggested that a subdivision could be made 
according to the amount of TSS in the water. Bore hole water and rain water could be 
grouped together as both contained a very low amount of TSS, while a second group with 
open well, river and processing water contained a much higher amount of TSS. This 
subdivision is clearly distinguishable in the recovery efficiency that was obtained with 
Methods 3 and 4. As expected, the type of water had a significant impact on the recovery 
for Method 3 (KW-test, p=0.011) and Method 4 (KW-test, p=0.011).  
Regarding the primary concentration method a different method performed better for the 
two water type groups based on the TSS. For the group with low amount of TSS (bore hole 
water and rain water), Method 3 performed significantly better (MW-test, p=0.050). For 
the group with a higher amount of TSS (open well, river and processing water), Method 1 
turned out to be the best option although for open well and river water Method 4 performed 
equally well for their recovery of MS2 (for open well water, KW-test: p=0.019, MW-test: 
p=0.127; for river water, KW-test: p=0.024, MW-test: p=0.825; for processing water, KW-
test: p=0.024; MW-test: p=0.050). In conclusion, Method 1 gave a more consistent 
outcome in recovery efficiency for all water types, both for MNV-1 and for MS2, and was 
therefore selected as the preferred method for the overall detection of viruses in irrigation 





2.4.5. Evaluation of Method 1 for concentration of human enteric viruses 
Based on the comparison between the different viral concentration methods, Method 1 was 
evaluated further for the detection of HAV, GI and GII NoV and RV.  
COMPARISON OF THE PERFORMANCE OF IN-HOUSE AND COMMERCIAL ASSAYS 
Data from the standard curves for comparison of the in-house two-step protocol and the 
commercial one-step RT-qPCR assay for detection of GI, GII NoV and HAV are 
summarized in Table 2.3. The parameters obtained from each standard curve for each 
assay were not substantially different. To assess the performance of each type of assay  in 
the presence of possible inhibitors, both assays were used in parallel to detect GI and GII 
NoV and HAV in all 15 concentrates derived from the evaluation of Method 1 for 
concentration of these enteric pathogens. No great difference in agreement was noted 
between the performances of both NoV RT-qPCR assays during the analysis of the 1/10 
diluted RNA concentrates. On the other hand, a more clear difference in performance of 
the HAV RT-qPCR assays was noted, since the commercial one-step RT-qPCR detected a 
higher amount of genomic copies for each water sample (data not shown). A difference in 
measurement is probably due to a difference in performance of both RT-qPCR assays as 
both started from the same sample concentrate. The cause of these non-agreements in 
detected genomic copies is most likely a difference between both assays in their detection 
efficiency in the presence of inhibitors. 
Assessing the effect of inhibition on the performance of the RT-qPCR assays during the 
analysis of each of the 15 water samples was done by comparing the Ct value resulting 
from the undiluted RNA sample with the respective 1/10 diluted RNA sample. Analysis of 
the 1/10 diluted RNA samples did not show inhibition for both assays. However slightly 
less inhibition was noticed in the undiluted RNA samples when analyzed with the 
commercial one-step RT-qPCR assay, even though the dilution of the in-house two-step 
RT-qPCR was 6.67 times higher (data not shown). The latter could be explained by the 
specific optimization of the commercial one-step RT-qPCR assay (Ceeram) for analyses of 
environmental samples. Hence the results using the commercial assay were further used for 




Table 2.3. Data from the control plasmids standard curves of the real-time RT-PCR performed for the detection of HAV, GI and GII NoV with both 

















Slope -3.32 -3.32 -3.40 -3.36 -3.48 -3.48 
Ea
 b 
1.00 1.00 0.97 0.98 0.94 0.94 
Y intercept when X = 0.0 39.34 40.53 39.01 38.14 39.47 39.69 
R²
   c 
1.00 0.99 0.99 1.00 0.99 0.99 
a
 Control plasmids were used as standard, as such viral loadings were expressed in # genomic copies detected, the tenfold dilution series were analyzed in double 
b
 The amplification efficiency of the RT-qPCRs was calculated according to the formula: Ea = (10
-1/slope
) - 1, where E = 1 corresponds to 100% efficiency 
c
 The correlation coefficient 
 
Table 2.4. Mean recovery efficiencies obtained for the detection of GI and GII NoV, HAV and RV in five types of water using Method 1 




 (%) (range) 
GI NoV 
µ (%) (range) 
GII NoV 
µ (%) (range) 
RV 
µ (%) (range) 
One-step RT-qPCR kit One-step RT-qPCR kit One-step RT-qPCR kit Two-step RT-qPCR  
5 L Bore hole water 32.11 (21.55-37.69) 23.90 (16.06-30.02) 27.51 (22.90-32.42) 9.81 (4.79-14.26) 
5 L Rain water 29.98 (26.00-32.92) 13.17 (10.79-15.25) 19.80 (16.95-24.58) 1.31 (0.85-1.57) 
2 L Open well water 14.49 (11.53-16.32) 4.75 (3.75-5.44) 10.67 (10.12-11.40) 0.09 (0.02-0.15) 
5 L River water 21.49 (19.14-23.88) 8.33 (6.18-10.43) 13.81 (12.76-15.05) 0.03 (0.02-0.04) 
1 L Processing water 30.17 (25.10-37.99) 7.95 (3.55-12.42) 19.49 (13.99-23.82) 0.16 (0.09-0.25) 
Friedman’s test (p = 0.000) mean rankb 4.00 2.00 3.00 1.00 
KW-test
c
 0.010* 0.002* 0.001* 0.000* 
a 
 µ is the mean recovery of three experiments. The success rate was 3/3 for all experiments 
b The Friedman’s statistical ranks were assigned by assigning the higher value to the viral pathogen that was detected with the highest efficiency throughout the different water 
types (Friedman’s test, p = 0.000). 
c





EVALUATION METHOD 1 FOR CONCENTRATION OF GI AND GII NOV, HAV, AND 
RV 
Results are shown in Table 2.4. The selection of Method 1 as most appropriate viral 
concentration method was confirmed by its high success rate (3/3 for the detection of each of 
the four pathogens in all five types of water). Mean recovery values for HAV ranged from 
14.49% in open well water up to 32.11% in bore hole water, for GI NoV from 4.75% in open 
well water up to 23.90% in bore hole water, for GII NoV from 10.67% in open well water up 
to 27.51% in bore hole water and for RV from 0.03% in river water up to 9.81% in bore hole 
water. The type of water significantly impacted the recovery efficiency for each of the 
pathogens (KW-test, p ≤0.010). The highest mean recovery for all these tested foodborne 
viruses – likewise to MNV-1 – was obtained in bore hole water. HAV was detected with the 
highest mean recovery efficiency and RV had the lowest mean recovery efficiency in each of 
the tested water types. 
It is important to mention that, although 1-5 L of water samples were tested with each 
method, only a fraction of these volumes were actually analyzed by qPCR. For NoV/HAV 
this is caused by the fractional use of the virus extract and the purified RNA during the RNA 
purification and one-step RT-qPCR, respectively. In case of RV, fractional use of the cDNA 
in the two-step qPCR had to be taken into account as well. As such, when the initial sample 
volume was 5 L, the sample volume analyzed in a 5 µl real-time (RT-)PCR reaction mixture 
was 37.5 ml for the detection of RV and 250 ml for the detection of HAV, GI and GII NoV. 
Using these back volume calculations, the theoretical limit of detection (assuming recovery 
efficiency is 100%) was 133 GC for RV and 20 GC for detection of HAV, GI and GII NoV in 
5 L water sample when the undiluted RNA sample was analyzed.   





NoV and HAV in fresh produce are one of the identified virus-commodity combinations of 
concern according to the FAO/WHO (FAO/WHO 2008b). Lettuce can get contaminated pre-
harvest by e.g. irrigation water, but also post-harvest during manipulations such as washing. 
In order to tackle data gabs for future viral risk assessment in the fresh produce chain, it is 
important to have a well evaluated concentration and detection protocol available for diverse 
human enteric viruses in different types of irrigation water. In literature, numerous articles 
have evaluated different concentration methods for the detection of human enteric viruses in 
multiple water sources (waste water, drinking water, river water, seawater, etc.), but this study 
is the first by our knowledge to expand the evaluation of different viral concentration methods 
including processing water.  
One of the strengths of this study lays in the high amount of comparisons that were made - 
four viral concentration methods were evaluated for processing water and four types of 
irrigation water – which enabled a direct comparison of these four methods for their recovery 
efficiency of MNV-1 and MS2 phages in a multitude of water types. Comparison of several 
published reports on recovery efficiency of viral concentration methods is not straight forward 
as the recovery efficiency of viruses can be influenced by several other factors besides the 
used viral concentration method. These factors include water quality of the environmental 
samples (influence on the adsorption of viruses to filter media and inhibition) (Lee et al, 2011; 
Lewis et al, 2000; Victoria et al. 2009; Villar et al. 2006), the used PCR assay (Bofill-Mas et 
al. 2006), the tested sample volume and concentration of the viruses in the water sample (Li et 
al. 2010).  
After the comparison of four viral concentration methods for the recovery of MNV-1 and 
MS2 phages, Method 1 was noted to be the best option to concentrate MNV-1 in the various 
types of water. For the detection of MS2 phages no single method performed best in all five 
types of water under investigation, which is in agreement with a previous study describing 
that different methods could be the best option for different types of water (Villar et al. 2006). 
When the recovery efficiencies obtained in the present study for the various viral 
concentration methods under investigation were compared with results obtained in the 
literature, these recovery efficiencies were rather low. Recovery efficiencies as high as 79% 
and 56% were obtained when respectively two-layer Filterite® fiberglass filters (negatively 
charged) and a NanoCeram virus sampler (positively charged) were used for the concentration 
of MS2 in tap water (Ikner et al. 2011; Scott et al. 2002). However a recent study used 
Method 1 based on the protocol stated in this article for the detection of MS2 (plaque assay) 
in 100 ml river water (spike: 10
6
 PFU/100 ml) and obtained a mean recovery efficiency of 





can be the higher amount of water analyzed. As such in the study of Jones et al. (2014) only 
100 ml of river water, with a similar high spike of MS2, was analyzed compared to the 5 L 
analyzed in this study. Also the type of water chemistry could be play a role. However note 
that in case of MS2 detection plaque assay is used for quantification, as such also the 
occurrence of inactivation and aggregation (Langlet et al. 2007) could play a role in these 
lower recovery efficiencies observed for MS2 concentration. Nevertheless in this study 
Method 1 showed a consistent outcome for the detection of MS2 in all types of water and was 
the best option for the detection of MNV-1. Therefore this method was selected as the most 
appropriate method for further evaluation to concentrate foodborne viruses in processing 
water and the various types of irrigation water.  
It was demonstrated that the viral concentration method called ‘Method 1’ is an effective way 
of concentrating a broad panel of human enteric viruses, including GI.4 and GII.4 NoV, RV 
and HAV, from medium volumes of these various water types. Even though water quality 
within the relevant water types can be hugely variable, the consistent performance of Method 
1 for all tested types of water is a good indication of the broad applicability of this method for 
further use. Although the recovery efficiency for RV was in most cases lower compared to the 
NoV and HAV, no single combination of adsorbent/adsorption conditions was expected to 
give optimum efficiencies for all virus types from all water types (Sobsey and Glass 1984; 
Wallis et al. 1979). Previously Fumian et al. (2010) experienced also a low recovery 
efficiency for the detection of RV when using the method described by Katayama et al. 
(2002). A mean recovery of 3.5% (range: 1.5-5.5%) was obtained for the detection of RV in 
42 ml of raw sewage (diluted in 2 L of distilled water to avoid clogging). 
Interestingly, the recovery efficiencies of Method 1 for MNV-1, GI and GII NoV throughout 
the different types of water were not significantly different (Friedman’s Test, p = 0.124), 
demonstrating that MNV-1 is an appropriate NoV surrogate and can be used as a process 
control for NoV detection in these water types. This is in accordance with other studies that 
have suggested MNV-1 as a good surrogate for human NoV detection in water (Gibson and 
Schwab 2011; Lee et al. 2011). Despite the positive evaluation of MNV-1 as a surrogate for 
human NoV in several studies (Bae and Schwab 2008; Cannon et al. 2006), other surrogate 
viruses such as MS2 phages (Blaise-Boisseau et al. 2010), feline calicivirus (FCV) (Mattison 
et al. 2009; Steyer et al. 2011), mengovirus (da Silva et al. 2007) and bacteriophage PP7 
(Fumian et al. 2010) have been used as process control for the concentration and detection of 
viruses in water. 
When comparing the recovery efficiencies obtained in this study for Method 1 to other 
studies, it is important to keep in mind that the obtained recoveries are the combined recovery 
rate of the VIRADEL and the PEG-6000 precipitation step from 1 to 5 L water samples as the 




efficiencies of secondary concentration methods can differ significant (Lee et al. 2011; Wu et 
al. 2011). The mean recovery efficiency for detection of GII NoV in this study was 13.81% in 
river water and 27.51% in bore hole water, which is similar to other studies using 
electronegative membranes that found recovery efficiencies of 15% (Haramoto et al. 2009) 
and 17.8% (Victoria et al. 2009) in river water samples of respectively 250 ml and 2 L. Other 
methods based on glass wool obtained recovery efficiencies for GII NoV of approx. 3.4% in 
fresh water (10 L) (Albinana-Gimenez et al. 2009) and 21-45% (20 L) in ground water 
(Lambertini et al. 2008).  
When back volume calculations were done for the detection of human enteric viruses, the 
sample volume analyzed in a 5 µl (RT-) qPCR reaction mixture seems low. But the analysis 
of a larger sample volume (> 5L) does not necessarily result in a higher sensitivity as 
suspended materials and inhibitors are also concentrated with viral particles (Albinana-
Gimenez et al. 2009; Hata et al. 2011). This was demonstrated in a study by Albinana-
Gimenez et al. (2009) in which a lower concentration of the virus was found when 50 L of 
Llobregat river water was tested compared to when 10 L were tested. This stresses the 
importance of further research to reduce this molecular inhibition in order to make full use of 
the potentially higher sensitivity of water concentration methods that can process large 
volumes of water. Remark also that in the current study relatively high spikes were used in 
the water. Ideally further assessment of Method 1 should include a dilution series of spikes to 
be tested to determine the practical limit of detection of Method 1. 
Concerning the evaluation of the in-house two-step RT-qPCR assays versus the commercial 
one-step RT-qPCR assays for detection of GI, GII NoV, and HAV, the use of the two-step 
RT-qPCR assays in research remains justified as the synthesized cDNA can be used for 
confirmation and/or genotyping purposes (Lees 2010), and only minor differences were 
observed between both RT-qPCR assays. However, the use of a commercially available RT-
qPCR has other advantages such as the possibility for highly standardized work, and this one-
step protocol reduces the cross-contamination potential and the work load. As such, the two-
step RT-qPCR assay requires - in comparison to the one-step approach - an additional hands-
on time of approximately 6 h. In addition, the use of non-commercial protocols requires more 
knowledge and experience than the use of an all-in-one commercial kit, which makes these 
kits easier to be used in routine labs. 
In conclusion, Method 1 which is based on the VIRADEL principle using an electronegative 
HA-filter in combination with an elution buffer earlier optimized by Hamza et al. (2009) was 
evaluated as the best option for the detection of enteric viruses in a broad range of sources of 
irrigation water as well as processing water from fresh-cut produce companies. Although the 





success rate of Method 1 for detection of human enteric viruses HAV, GI and GII NoV and 
RV was 3/3 in all water types. However, for RV the recovery efficiency was <2% in all 
included water types, except for bore hole water (mean recovery efficiency of 9.8%). As such 
Method 1 appeared to be less suited for the concentration of RV. Real-time RT-PCR was used 
for the detection of MNV-1, GI.4 and GII.4 NoV, RV and HAV. Currently real-time PCR is 
still the method of choice even though it is not possible to discriminate between viable and 
non-viable viruses (Croci et al., 2008). But these techniques are useful for monitoring 
environmental contamination, unraveling possible transmission routes and possible source 
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3. SEMI-DIRECT LYSIS OF SWABS AND EVALUATION OF THEIR 
EFFICIENCIES TO RECOVER HUMAN NOROVIRUSES GI AND 
GII FROM SURFACES 
3.1. ABSTRACT 
Enteric viruses such as noroviruses (NoV) continue to be the cause of widespread viral 
outbreaks due to person-to-person transmission, contaminated food and contaminated 
surfaces. In order to optimize swabbing methodology for the detection of viruses on (food) 
contact surfaces, three swab elution/extraction strategies were compared in part one of this 
study of which one strategy was based on the recently launched ISO protocol (ISO/TS 
15216-1) for the determination of hepatitis A virus and NoV in food using real-time RT-
PCR (RT-qPCR). These three swab elution/extraction strategies were tested for the 
detection of GI.4 and GII.4 NoV on high-density polyethylene (HD-PE) surfaces with the 
use of cotton swabs. For detection of GI.4 and GII.4, the sample recovery efficiency (SRE) 
obtained with the direct lysis strategy (based on ISO/TS 15216-1) was significantly lower 
than the SRE obtained with both other strategies. The semi-direct lysis strategy was chosen 
to assess the SRE of two common swabs (cotton swab and polyester swab) compared to 
the biowipe (Biomérieux, Lyon, France) on three surfaces (HD-PE, neoprene rubber and 
nitrile gloves). For both surfaces HD-PE and nitrile gloves, no significant differences in 
SRE of GI.4 and GII.4 NoV were detected between the three different swabs. For the 
coarser neoprene rubber, biowipes turned out to be the best option for detecting both GI.4 







Monitoring surface hygiene is a well-known quality control measurement within the food 
industry. Surfaces are not only swabbed for the traditional hygiene assessment (based on 
total aerobic count), but also for the detection/quantification of bacterial pathogens, 
allergens, and ATP bioluminescence as an alternative measure for surface hygiene, and 
viruses (Moore and Griffith 2002; Wang et al. 2010; Daelman et al. 2013; Boxman et al. 
2011). Environmental surfaces are in fact a well-known transmission route for (foodborne) 
viral outbreaks (Boone and Gerba 2007; Cheesbrough et al. 2000; Isakbaeva et al. 2005; 
Patterson et al. 1997; Stals et al. 2013a).  
Recent studies have been positive about the use of environmental swabs for the detection 
of enteric viruses in food producing areas and healthcare centers (Boxman et al. 2011; 
Carducci et al. 2011; Wu et al. 2005). While detection methods for viruses have only 
recently become available in the area of food safety, in medical healthcare the usage of 
swabs for the detection of viruses is a well-established tool to take clinical samples (Green 
et al. 1998, Nakanishi et al. 2009) and surface samples in hospital settings (Carducci et al. 
2002, 2011; Wu et al. 2005). The use of swabs on food contact surfaces for the detection of 
(pathogenic) bacteria is well known and has resulted in the International Standard ISO 
18593, describing surface sampling methods for the detection or enumeration of bacteria in 
food processing area and equipment (Anonymous 2004) and continues to be a topic of 
further research as different swabs and (food) surfaces remain to be tested (Moore and 
Griffith 2007; Hedin et al. 2010; Lutz et al. 2013). However, only a limited number of 
studies regarding the recovery of enteric viruses (or surrogates) on food (contact) surfaces 
has been published (Scherer et al. 2009; Taku et al. 2002; Julian et al. 2011; Jones et al. 
2012; Rönnqvist et al. 2013) and a new ISO protocol (ISO/TS 15216-1) (Anonymous 
2012c) has only recently been adopted as a technical specification with a sampling 
procedure for the detection of hepatitis A virus and norovirus on food surfaces. 
As such, the presented study (1) provides new data on the comparison of different swab 
elution/extraction strategies, of which one closely resembles the protocol suggested in the 
ISO/TS 15216-1, and (2) provides data on the efficiency of three different swab 
implements for environmental sampling of enteric viruses on different surfaces frequently 
found at the farm level during harvesting (gloves, transport rubber bands, plastic crates) 
using the semi-direct lysis method (strategy 3) which is similar as the one recently 
described by Rönnqvist et al. (2013). In contrast to other studies, no NoV surrogate viruses 
were used for determining the sample recovery efficiency (SRE) (Julian et al. 2011; Taku 
et al. 2002; Herzog et al. 2012) on different surfaces. As actual quantitative data on 
norovirus detection on surfaces by swabbing is scarce and comparing data from one swab 




study to another is challenging due to the large number of parameters influencing the SRE, 
this study aimed to compare three swab implements (cotton swab, polyester swab and 
biowipes) in their efficiency for the detection of GI.4 and GII.4 noroviruses (NoV) on three 
different test surfaces (neoprene rubber (NR), high-density polyethylene (HD-PE) and 
nitrile gloves (GL)). 
3.3. MATERIAL AND METHODS 
3.3.1. Surfaces and swabs 
The three surfaces used in this study were HD-PE, NR and powder free blue (PF 240) 
nitrile gloves (GL) (Shield Scientific, B.V., Malaysia). These surfaces are likely to come in 
contact with fresh produce during harvesting or further processing. For the HD-PE and 
neoprene surfaces, areas of 100 cm² were denoted and prior to each experiment these 
surfaces were decontaminated by the use of antiviral RBS Viro spray (Sigma Aldrich, 
Steinheim, Germany) and soaking (10 min) and rinsing with boiling water. In case of the 
nitrile gloves, areas of 25 cm² were marked after the insertion of a piece of carton in the 
glove and administration of clamps to keep the surface in a stretched position. No 
decontamination prior to the inoculation experiment was performed as each glove was only 
used once. The three sterile swab implements under study were the cotton swab (150C) 
(Copan, Italy), the polyester swab (159C) (Copan, Italy) and the recent biowipe 
(Biomérieux, Lyon, France). Biowipes (2.5 by 3.5 cm) (Biomérieux) are composed of a 
mixture of fibers and microfibers (cotton, polyester and polyamide fibers) wetted in PBS 
buffer (pH 8.0). 
3.3.2. Virus stocks 
Both NoV GI.4 and GII.4 stool samples were kindly provided by the National Institute for 
Public Health and the Environment (RIVM, Bilthoven, the Netherlands). 10% suspensions 
in phosphate-buffered saline (PBS, pH 7.2, Lonza, Verviers, Belgium) of both stocks were 
diluted (final dilution was approx. 1% of the initial stool sample for each pathogen) and 
eventually mixed until a stock concentration of approx. 3 x 10
4
 genomic copies of GI.4 
NoV/100 µl and approx. 9 x 10
4
 genomic copies of GII.4 NoV/100 µl was obtained for 
experiment part 1 in which different swab elution/extraction strategies were compared in 
their SRE of NoV on HD-PE. In part 2, in which the SRE of different swab implements 
was obtained for the detection of NoV on different surfaces, the stock concentration 
contained approx. 2 x 10
5
 genomic copies GI.4  NoV/100 µl and approx. 1 x 10
5
 genomic 
copies GII.4 NoV/100 µl. Viral stocks were quantified by molecular methods using a 
standard curve as described in paragraph 3.3.4. Aliquots of this stock concentration were 





3.3.3. Study design 
Demarcated areas on each surface were spiked with 100 µl NoV suspension in case of HD-
PE and NR and 25 µl in case of the nitrile gloves (GL). The viral stock solution was 
administered in little droplets on the surface and smeared all over the surface with a sterile 
inoculation pin, after which the surface was allowed to dry for 45 min in a biosafety 
cabinet.  
During one experiment 12 surfaces of the same material (either HD-PE, NR or GL) were 
spiked on three subsequent inoculation times (3 batches) (Figure 3.1.). For each batch one 
random surface was spiked with NoV-free PBS, which acted as negative control surface, 
and three surfaces were spiked with the described viral stock solution. In one batch, each 
of the three types of swab elution/extraction strategies or types of swabs was used to 
randomly analyze one of the three spiked surface. Each surface was swabbed in three 
directions - horizontal, vertical, and diagonal - in such a way that the whole surface came 
each time in contact with the whole swab. During one experiment each swab 
elution/extraction strategy or type of swab implement was used to analyze one of the three 
surfaces used as negative control surface and 100 µl of the spike was extracted for 
calculation of the SRE. 
 
Figure 3.1. Picture of experimental study design for comparing the SRE of the different swab 
implements on neoprene rubber. Each of the three batches of surfaces (the different rows) 
were spiked on three subsequent inoculation times in order to avoid to many surfaces that 
needs to be sampled after 45 min of drying time. 
3.3.3.1. Set-up Part 1: Comparison of different swab elution/extraction 
strategies 
For the comparison of different swab elution/extraction strategies, the cotton swabs were 
used on 100 cm² HD-PE surfaces. During each of the three batches one surface was 




swabbed according to each of the following strategies. Strategy 1: the swab was 
moisturized only once in the beginning in PBS and the demarked area was swabbed 
according to the above stated protocol. Afterwards the used swab was stored in an empty 
15 ml centrifuge tube on ice until the lysis step and the RNA extraction process. Strategy 
2: the swab was moisturized each time before swabbing the surface in a different direction 
(horizontally, vertically, diagonally) by dipping in 1.0 ml PBS in a 15 ml centrifuge tube 
and afterwards removing excess liquid by pressing the swab against the wall. This dipping 
and pressing cycle was repeated each occasion three times. At the end of the swabbing the 
swab was eluted in the PBS by 60 sec vortexing and pressing the swab against the wall to 
remove excess liquid. The swab was removed and the swab eluate (in the 15 ml tube) was 
stored on ice until the lysis step. Strategy 3: likewise as in strategy 2, the swab was 
moisturized before swabbing the surface in each of the three directions. This time 0.5 ml of 
PBS was used in a 15 ml centrifuge tube. After swabbing the swab was stored in the liquid, 
on ice until the lysis step. The maximum storage time of the samples on ice was approx. 
2.5 h, before the start of the lysis step.  
The lysis step for all three strategies involved of the addition of different amounts of the 
NucliSENS easyMAG lysis buffer (BioMérieux, Boxtel, The Netherlands), namely, 3, 2, 
and 2.5 ml in cases of strategies 1, 2 and 3, respectively, and subsequent incubation of 10 
min at room temperature (RT) after a short mixing by vortexing. The lysis step took place 
immediately after the swabbing of the 12 surfaces during one experiment. For strategy 1, 
this lysis step resulted in a direct lysis method of the swab itself which is in accordance 
with the protocol suggested in the recently released ISO method for the detection of NoV 
in food using real-time RT-PCR (ISO/TS 15216-1:2012(E)). The exact protocol as stated 
in the current ISO/TS 15216-1 method was not included as this experiment predates the 
arrival of the ISO/TS 15216-1 method. However, this protocol diverged only to a small 
extent compared to the new standard protocol: in our case, the swab was lysed for 10 min, 
whereas a simple immersion and pressing cycle should be repeated 3-4 times according to 
the ISO/TS 15216-1. For strategy 2 the lysis buffer was added to the eluate and for strategy 
3, this protocol resulted in a semi-direct lysis method as both the eluate and swab (present 
in one tube) were lysed by the addition of 2.5 ml of lysis buffer. After incubation (10 min, 
RT), the lysis buffer was removed and RNA extraction was performed using the automated 
NucliSens® EasyMAG
TM
 system 2.0 (Biomérieux, Boxtel, the Netherlands), following 
generic 2.0.1 protocol for off-board lysis incubation according to manufacturer’s 
guidelines. During each run of the automated NucliSens EasyMAG one well was reserved 
as negative control (addition of 500 µl PBS) to control for cross-contamination and 






3.3.3.2. Set-up Part 2: Comparison of SRE of different swab implements 
tested on different surfaces 
The SRE obtained with cotton swabs, polyester swabs and biowipes for the detection of GI 
and GII NoV on three different surfaces (HD-PE, GL, and NR), was explored in Part 2. 
Swab elution/extraction strategy 3, the semi-direct lysis method, was used for the cotton 
swabs and the polyester swabs because of the positive results in Part 1 and because this 
strategy closely resembles the elution/extraction strategy for the biowipes (which was done 
according to manufacturer’s guidelines). As such, in case of the biowipe, moistening in 
PBS was not necessary in the beginning and in between swabbing of different directions as 
these biowipes were stored in moisturized condition in their individual wraps. Before the 
usage of a new biowipe, fresh gloves were administered as these biowipes came in direct 
contact with the gloves during swabbing. After swabbing the used biowipe was stored in a 
15 ml centrifuge tube on ice until the lysis step. In case of the biowipe 3 ml of lysis buffer 
(Biomérieux) was added. After 10-min incubation at room temperature, the lysis buffer 
was added to the sample strip of the NucliSENS EasyMAG after which the off-board 
protocol was followed as previously stated.  
For each of the three surfaces the described experiment was repeated two times, separate in 
time, each with triplicate samples per swab implement type. In total six repeats were 
performed for every surface/swab combination, which were combined in one data unit. To 
reduce operator bias (due to e.g. a difference in applied pressure), the same person carried 
out all the experiments. 
3.3.4. Real-time RT-PCR 
The two-step RT-qPCR was performed as described in Stals et al. (2009a). The RT-step 
was performed twice for each sample: once for the undiluted RNA extract and once for the 
1:4 diluted RNA extract. Each time 3 µl RNA was included in a total volume of 20 µl of 
reaction mix. All cDNA preparations were stored at -20°C.  
The qPCR assay was used as a duplex qPCR for the detection of GI and GII NoVs. For 
real-time quantification, 5 µl of template cDNA was included in 25 µl of reaction mix, and 
was performed on the SDS 7300 Real-time PCR System (Applied Biosystems). Tenfold 




 copies of the control plasmids for GI and GII NoVs 
described by Stals et al. (2009a) were used to prepare the standard curves. Standard curves 
were performed in duplicate, and amplification data were collected and analyzed using the 
SDS 7300 instrument’s software. Aliquots of the spike were analyzed in quadruplicate 
(Part 1) or duplicate (Part 2). Mean values were used for calculation of the SRE. The used 
fluorophore/quencher combinations for GI and GII NoV probes were 6-FAM/BHQ-1 




(Integrated DNA Technologies, Leuven, Belgium) and HEX/BHQ-2 (Integrated DNA 
Technologies), respectively. 
3.3.5. Data analysis 
Inhibition assessment was performed by the dilution approach. In essence, this approach is 
focused on the Ct difference between undiluted RNA and in this case 1:4 diluted RNA 
extracts. Samples showing a ∆Ct between 2.0 – 0.2 and 2.0 + 0.2 were considered as 
inhibitor-free, and in this case the recovery efficiency was calculated using the data 
obtained with the undiluted RNA extract. If ∆Ct < 1.8, then the recovery efficiency was 
calculated using the data obtained with the 1:4 diluted RNA extract. The sample recovery 
efficiency (SRE) of the spiked viruses was calculated using the following equation: 
percentage of recovery = the number of recovered viruses/the number of seeded viruses x 
100. 
In order to perform the correct statistical test, the normality was checked each time using 
the Shapiro-Wilk test, and the equality of variances was tested with the Levene’s test. 
When both assumptions were met, ANOVA was used to define significant differences. In 
case of a significant difference, the Bonferroni test was used as post hoc multiple 
comparison test. When the assumptions for ANOVA were not met, the Kruskal-Wallis 
(KW) test was used, and when significant differences were found, the applied post hoc 
tests were Mann-Withney (MW) tests with the use of a Bonferroni correction. Statistical 
analysis was performed using SPSS software, version 20 (SPSS Inc. Chicago, IL, USA). p-
Values ≤0.05 were deemed statistically significant. 
3.4. RESULTS  
3.4.1. Comparison of different swab elution/extraction strategies 
The mean SRE and standard deviation for the detection of GI and GII NoV on HD-PE 
according to the three different swab elution/extraction strategies using a cotton swab are 
depicted in Figure 3.2. For the detection of both GI and GII NoV, there was a significant 
difference in recovery efficiencies obtained with the three swab elution/extraction 
strategies (ANOVA, p=0.002 for GI, p=0.001 for GII). For both viruses, strategy 1 was 
significantly less efficient (Bonferroni, p <0.020) than strategies 2 and 3, resulting in mean 
recovery efficiency values of 27.0% ± 26.5% and 18.9% ± 14.3% for GI and GII NoV, 
respectively. For both strains, there was no significant difference in SRE obtained with 
strategy 2 or 3 (Bonferroni, p=0.836 for GI, p=0.073 for GII). Both strategies obtained 
high recovery efficiencies (SRE >70%). Mean recovery efficiencies >100% can be 
attributed to measurement uncertainty on the determination of the number of genomic 





to measurement uncertainty the genomic copies detected in the spike used in Part 1 (spike 
was analyzed in quadruplicate), for example, consisted of a mean value and a standard 
deviation, out of which the mean value was used for calculation of the SRE. 
 
Figure 3.2. The mean sample recovery efficiencies for the detection of GI and GII NoV on 
HD-PE according to three different swab elution/extraction strategies. Error bars represent 
the standard deviation. For each spike, means (n=3) marked with the same letter are not 
significantly different. 
3.4.2. Comparison of recovery efficiencies of different swab implements tested 
on different surfaces 
DETECTION OF GI NOV 
For the detection of GI NoV (Figure 3.3.), the SRE (independent of the type of swab 
implement) was significantly dependent on the type of surface tested (KW-test, p=0.000). 
As such, the SREs for GI NoV detection on both HD-PE and gloves were significantly 
higher than that for GI NoV detection on NR (MW-test, p <0.008). No significant 
difference in SREs was detected between HD-PE and gloves (MW-test, p=0.066). 
When the performance of the three different swab implements under study (cotton swab, 
polyester swab and biowipe) were compared for each test surface, no significant difference 
in SREs was observed on the surfaces of HD-PE (ANOVA, p=0.125) and GL (ANOVA, 
p=0.094). On the coarser surface of NR, the use of biowipes (SRE = 41.3% ± 12.4%) 
resulted in a significant higher recovery efficiency than when cotton swabs (SRE = 13.2% 
± 5.2%) were used for the detection of GI NoV (KW-test, p=0.007; MW-test, p<0.008). 











(SRE = 19.8% ± 12.4%) could be detected (MW-test, p=0.010), although the mean SRE 
obtained with biowipes was considerably higher than the SRE obtained when using 
polyester swabs. 
 
Figure. 3.3. The mean sample recovery efficiency (SRE) (%) for detection of GI NoV (left) and 
GII Nov (right) when three different swab implements were used on three different surfaces: HD-
PE: high-density polyethylene; GL: nitrile gloves; NR: neoprene rubber. Error bars represent the 
standard deviation. For each type of surface, means (n=6) marked with the same letter are not 
significantly different. 
DETECTION OF GII NOV 
For the detection of GII NoV (Figure 3.3), the SRE was likewise significant depending on 
the type of surface tested (KW-test, p=0.000). As in the case of the detection of GI NoV, 
for GII NoV, similarly, no significant difference in SREs was detected between the 
surfaces HD-PE and gloves (MW-test, p=0.000). However, both previous surfaces 
obtained a significant higher SRE for GII NoV than obtained for NR (MW-test, p=0.963). 
For GII NoVs, no significant difference was observed in the performance of the three 
tested swab implements on HD-PE and on gloves (ANOVA, respectively p=0.144 and 
p=0.881). In the case of NR, there was a significant difference between the SREs obtained 
with the different swabs (ANOVA, p=0.000). In this case, the biowipe (SRE = 56.1% ± 
12.5%) performed significantly better than both the cotton swab (SRE = 16.9% ± 6.6%) 
(Bonferroni, p=0.000) and polyester swab (SRE = 22.5% ± 8.7%) (Bonferroni, p=0.000). 
Cotton swab and polyester swab performed equally (Bonferroni, p=0.979). Significant 
differences in SREs between both viral strains (GI and GII NoV) on the different surfaces 
were observed only for the GL (t-test, p=0.027). For both other surfaces, HD-PE (MW-test, 
p=0.696) and NR (MW-test, p=0.335), no significant difference in SREs between both 






In this study the dilution approach was used to assess inhibition of the RT-qPCR detection 
step, instead of the use of an RT-PCR control as suggested by ISO/TS 15216-1. The choice 
to use the dilution approach was based on the results obtained when MNV-1 RNA was 
added as an RT-PCR control to a subset of the samples of this experiment Part 2. An 
MNV-1 RT-PCR control was added to the undiluted and 1:4 diluted RNA extracts of half 
of the repeats of each swab/surface combination as described earlier (Stals et al. 2011c). 
When the inhibition assessment according to the ISO/TS 15216-1 proposal (RT-PCR 
control recovery efficiency >25% = no inhibition) was performed and compared to the 
inhibition assessment obtained with the dilution approach, the latter was judged more 
sensitive, as according to the RT-PCR control approach, all samples (1:1 and 1:4 diluted 
RNA) were not inhibited, while according to the dilution approach in approximately half of 
the undiluted samples, some level of inhibition (∆Ct < 1.8) played a role. As such, due to 
the detected inhibition when using the dilution approach in approx. half of the samples, the 
SREs obtained with the 1:4 diluted RNA were used, which led to higher SRE compared to 
those obtained when inhibition was assessed according to the ISO/TS 15216-1 protocol 
which used >25% as threshold for recovery efficiency of the RT-PCR control (data not 
shown). Diluting of RNA until obtaining a 1:4 ratio was judged sufficient, as inhibition of 
the undiluted RNA extract was minor according to the dilution approach and non-existing 
in the undiluted and 1:4 diluted RNA according to the threshold level of >25% recovery 
efficiency of the RT-PCR control proposed by the ISO/TS 15216-1 protocol. 
3.5. DISCUSSION 
Next to traditional bacteriology analysis of surfaces, swabbing for the detection of enteric 
viruses is increasingly being used during outbreak investigations (Wadl et al. 2010; 
Cheesbrough et al. 2000; Repp et al. 2013; Boxman et al. 2009) and in environmental 
research studies (Boxman et al. 2011; Akhter et al. 1995; Russell et al. 2006). 
Contaminated (food) surfaces have led/contributed in the past to widespread/prolonged 
NoV outbreaks (Isakbaeva et al. 2005; Repp et al. 2013; Patterson et al. 1997; Evans et al. 
2002; Kuusi et al. 2002). As such, swabbing for enteric viruses such as NoV, has proven 
not only to be useful during outbreak investigations, but it could also play a role in 
prevention strategies by means of the analysis of critical control points during food 
preparation. However, people should be careful regarding the interpretation of swab 
sample data. One should consider a positive swab sample as an indicator of surface 
contamination, which implies a potential risk of exposure, whereas negative swab samples 
do not completely assure absence of infectious particles and hence the absence of the 
potential risk of exposure (Scherer et al. 2009). Compliance with Good Hygienic Practices 




(GHP) and the adherence to precautionary principles in case of an infected food handler 
are still advised.  
A first ISO/TS protocol for the determination of hepatitis A virus and NoV in food using 
RT-qPCR has been launched recently (ISO/TS 15216-1:2012), including a section for the 
swabbing of food surfaces and the use of appropriate controls to prevent false positive 
results due to cross-contamination and false negative results due to inhibition of the 
molecular detection assay. It should be noted that the latter ISO protocol is until today still 
a technical specification, meaning that improvements to the proposed protocols can still 
easily be inserted, and as such further research into these detection protocols can contribute 
to a better proposal, and over a period of time, an optimized international standard. As 
research on different swabbing techniques/swab extraction techniques for the detection of 
enteric viruses is rare, this study aimed to contribute to this research topic. 
In the first part of this study three different swab elution/extraction strategies were 
compared. Both strategies 2 and 3 provided high SREs and performed significantly better 
than strategy 1 for the detection of GI and GII NoV on HD-PE, despite the limited 
differences between the design of strategy 1 and 3. Their differences in recovery 
efficiencies may be due to the differences in the storage conditions after swabbing which 
was in liquid state in case of strategy 3, although the applied storage time was rather 
limited in this study (max. 2.5 h on ice). A second hypothesis is that the repeated wetting 
of the swab itself between swabbing directions in strategy 3 improved the 
recovery/removal of the dried NoV from the surface: as when strategy 1 was applied, the 
swab seemed desiccated at the end of the swabbing of the larger 100 cm² surfaces. The 
application of more moisture before swabbing has been proven to be beneficial for the 
recovery of bacteriophage P22 on different surfaces (Herzog et al. 2012). In Herzog et al.’s 
(2012) study, the addition of a wetting step before swabbing with a pre-moistened 
antistatic wipe, had resulted in the SRE values being doubled in a majority of the cases. In 
case of viral transfer efficiency, a wet acceptor surface (e.g. lettuce) has been proven to be 
more effective for viral transfer than a dry acceptor surface in case of the transfer of Feline 
calicivirus from stainless steel (donor surface) towards lettuce (acceptor surface) (D'Souza 
et al. 2006). Both previous studies show (indirectly) that the difference in the degree of 
moisture on the swab could lead to a different SREs for the detection of NoV on HD-PE. 
As such, due to the significant lower values of SRE obtained with strategy 1, which is in 
close agreement with the new ISO/TS 15216-1 protocol, one can question the efficiency of 






Strategy 3 was chosen over strategy 2 as it was our goal (in Part 2) to compare common 
swabs such as cotton swab and polyester swab against the biowipe (Biomérieux) for which 
the protocol also included direct lysis of the biowipe in lysis buffer. The elution/lysis 
technique applied in strategy 3 is almost equal to the one recently applied by Rönnqvist et 
al. (2013), although both studies were performed independently. As such, this semi-direct 
lysis strategy applied for the cotton and polyester swab in Part 2 differs significantly from 
other studies, as in this study the swab itself, together with the eluate, is subjected to the 
lysis step. 
When viewing the mean recovery efficiencies for the different swab implements on 
different surfaces (Figure 3.2.), a relatively high standard deviation (SD) can be noted, 
even though the surface/swab combination stays constant, and all experiments were carried 
out by the same person. This variability in recovery efficiencies for swabbing was also 
noted in previous studies (Scherer et al. 2009; Rönnqvist et al. 2013; Moore and Griffith 
2002) and can be due to a variety of factors, both inherent and extrinsic to the used 
sampling mechanism. Influencing factors inherent to the sampling mechanisms are e.g. the 
swab material and the mechanical removal action. Factors extrinsic to the used sampling 
mechanism are e.g. inhomogeneous surface deposition and variable attachment of virus to 
the surface (Scherer et al. 2009). In spite of this huge variability in recovery efficiencies, 
biowipes had the intensity to perform better on coarser surfaces such as the NR, than 
cotton swabs and polyester swabs. On other surfaces (HD-PE and gloves) no significant 
differences could be detected in the performance of the different swabs although the 
recovery efficiencies obtained with the biowipes were consistently higher than those 
obtained with cotton swabs and polyester swabs. The predomination of microfiber cloth 
over polyester and cotton swabs for the detection of viral RNA was previously observed by 
Julian et al. (2011). 
In comparable studies, such as detection of GII.3 NoV on HD-PE with the use of a cotton 
swab performed by Scherer et al. (2009) or the detection of MS2 RNA on PVC plastic 
using a cotton swab performed by Julian et al. (2011), the obtained mean recovery were 
respectively, 33.1 ± 23.3% and 7 – 13% (depending on the eluent type) which is 
considerable lower to the 77.5 ± 17.5% recovery obtained in this study. Despite this 
difference, direct comparison is difficult because of other differences besides the swab 
elution/extraction strategy such as incubation time and type of virus. When the results 
obtained in this study for detection of GII.4 on HD-PE with cotton (77.5% ± 17.5%) and 
polyester-tipped swabs (61.6% ± 24.4%) are compared with those obtained by Rönnqvist 
et al. (2013) (in both cases SRE = ca. 30%) on low-density polyethylene, again a higher 
recovery was noted in the present study. However, it has to be noted that the incubation 




time applied in the study of Rönnqvist et al. (2013) was significantly longer (incubation 
overnight) than the 45 min incubation time applied in this study. Remark also that in this 
study, as well as in the previous studies on swabbing mentioned in this paragraph, ‘clean’ 
surfaces are spiked and analyzed. In reality these surfaces will be contaminated with all 
sorts of residues which could affect the SRE. As such the SRE could be influenced 
negatively if the residue would firmly attach the viruses to the surface and hence protect 
the viruses from elution by vigorously swabbing. The presence of residues could also 
introduce inhibitors to the RNA extract and hence could introduce the necessity for 
analysis of higher dilutions of the initial RNA sample to circumvent possible inhibition and 
the occurrence of false negative results. However in this case the actual analyzed surface 
per PCR reaction would also decrease, and hence the sensitivity of the test would be lower. 
As such it is important during screenings to include an inhibition control. 
In conclusion, efficient swabbing continues to be a challenge due to the large variations in 
SRE, inherent to the swabbing process, and the possibility of substantial differences in 
SRE depending on the type of surface swabbed. The used biowipes (Biomérieux) in this 
study had the tendency to perform better than the commonly used cotton and polyester 
swabs, especially on coarser surfaces. In case of the use of normal cotton/polyester swabs, 
the semi-direct lysis method turned out to be more effective for the detection of NoV on 
larger surfaces than direct lysis (strategy 1), which is proposed by ISO/TS 15216-1. As 
such, one can question the efficiency of the direct lysis method proposed in the recently 
launched ISO/TS 15216-1:2012 for the detection of NoV on larger (100 cm²) surfaces. The 
semi-direct lysis method has proven its effectiveness as well in this study as in the study of 
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4. BATCH TESTING FOR NOROVIRUSES IN FROZEN 
RASPBERRIES 
4.1. ABSTRACT 
Berries, in particular raspberries, have been associated with multiple recalls due to 
norovirus contamination and were linked to a number of norovirus (NoV) outbreaks. In the 
present study a total of 130 samples of frozen raspberries were collected from 26 batches 
in four different raspberry processing companies. In two companies the samples consisted 
of bulk frozen raspberries serving as raw material for the production of raspberry puree (an 
intermediate food product in a business to business setting). In two other companies, the 
samples consisted of bulk individually quick frozen (IQF) raspberries serving as raw 
material for the production of frozen fruit mixes (as a final food product for consumer). 
Enumeration of Escherichia coli and coliforms was performed as well as real-time reverse 
transcription PCR (RT-qPCR) detection of GI and GII NoV (in 2 x 10 g). In addition, in 
cases where positive NoV GI or GII RT-qPCR signals were obtained, an attempt to 
sequence the amplicons was undertaken. 
Six out of 70 samples taken from the 14 batches of frozen raspberries serving for raspberry 
puree production provided a NoV RT-qPCR signal confirmed by sequencing. Four of these 
six positive samples clustered in one batch whereas the other two positive samples 
clustered in another batch from the same company. All six positive samples showed NoV 
RT-qPCR signals above the limit of quantification of the RT-qPCR assay. These two 
positive batches of frozen raspberries can be classified as being of insufficient sanitary 
quality. The mean NoV level in 20 g of these raspberry samples was 4.3 log genomic 
copies NoV GI/ 20 g. The concern for public health is uncertain as NoV RT-qPCR 
detection is unable to discriminate between infectious and non-infectious virus particles. 
For the IQF raspberries, one batch out of 12 tested NoV positive, but only 1 out of the 5 
samples analyzed in this batch showed a positive RT-qPCR GI NoV signal confirmed by 
sequencing. The RT-qPCR signal was below the limit of quantification of the assay used 
(< 3.7 log genomic copies/20 g). It was shown that the applied protocol for sequencing of 
the amplicon to confirm the specificity of the RT-qPCR signal was successful for GI NoV 







Soft red fruits such as raspberries and strawberries have been repeatedly linked with 
foodborne outbreaks due to human norovirus (NoV) (Pönkä et al. 1999b; Mäde et al. 2013; 
Sarvikivi et al. 2012) and hepatitis A virus (HAV) (Reid and Robinson 1987; Nordic 
outbreak investigation team 2013). In the period 2009-2012 the EU Rapid Alert System for 
Food and Feed (RASFF) reported 10, 1 and 2 recalls/withdrawals due to the presence of 
NoV in frozen raspberries, frozen strawberries and other frozen (mixes of) berries, 
respectively. Within that same period (2009-2011) at least 28 outbreaks due to NoV 
contaminated raspberries and strawberries were identified in Europe (EFSA 2013). 
Furthermore in 2012 a huge outbreak affecting approximately 11,000 people occurred in 
Germany due to NoV contaminated strawberries (Mäde et al. 2013). 
The increasing number of alerts and reported outbreaks has prompted national competent 
authorities and the fruit-based processing industry to establish a testing regime for NoV. 
The assessment of environmental conditions, good agricultural and hygienic practices in 
primary production and berry collection centers is important (FAO/WHO 2012) especially 
because subsequent steps in the production of frozen berries (or derived purees) may not be 
adequate to remove contamination. Nonetheless, it is well established that end product  
testing for food safety assurance has limitations, both due to the confidence one can have 
that the samples are representative of the batch, and also because methods of detection of 
pathogens, including the RT-qPCR methods for NoV are imperfect (ICMSF 2011). 
Nevertheless, this type of batch testing regimes is often applied in import controls or 
inspections by competent authorities (Ferrier and Buzby 2014). For example, as a 
consequence of the large 2012 NoV outbreak in Germany associated with frozen 
strawberries (Mäde et al., 2013), European Regulation (618/2013) was updated and 
mandated testing of imported frozen strawberries from China for NoV (n = 5, c =0, 
absence of NoV in 25 g). It is also common practice in supplier-buyer transactions, to 
monitor, by analysis, incoming raw material, or to provide a certificate of analysis per 
batch to its buyers. The intensity of such testing tends to increase when outbreaks or alerts 
occur related to specific commodities. This is presently the case for NoV in (frozen) 
raspberries. Although sampling plans are intrinsically limited in assessing the quality and 
safety of sampled foods, sampling might be useful to reveal major non-compliances and be 
a basis for analyzing performance trends so that corrective actions can be taken before loss 
of control (Lahou et al. 2014, ICMSF 2011). Detection of NoV genomic copies in frozen 
raspberries could be considered a useful parameter to be used for verification of good 
hygienic practice applied to berries at primary production and processing premises. 




There are few reports of NoV screening in non-outbreak related samples. Maunula et al. 
(2013) sampled frozen raspberries, fresh raspberries and fresh strawberries at point of sale 
in three European countries (i.e. Czech Republic, Poland and Serbia). They reported that 
none of the 39 frozen raspberry samples (95% CI 0-9%), none of the 60 fresh raspberry 
samples (95% CI 0-6%), and none of the 21 fresh strawberry samples (95% CI 0-15%) 
were positive for NoV using RT-qPCR. Baert et al. (2011) reported 6.7% (10/150) of soft 
red fruits in a France study (unreported whether frozen or not) positive for NoV. Stals et al. 
(2011b) reported 4 of 10 raspberry samples (originating from Poland/Serbia) testing 
positive for NoV. These surveys are reporting single-sample subunit analysis, and there are 
currently no data available on NoV screening based upon a multiple-sample subunit 
approach (n=5) as is commonly used in setting microbiological standards. 
RT-qPCR is currently the accepted standardized method for the detection of NoV in food 
including frozen berries, but is technically complex. The use of small analysis volumes of 
the nucleic acid extract produced after sample treatment, combined with the variable 





 genomic copies per sample. Also the production of the nucleic acid controls is also 
challenging and overall experience with implementation of RT-qPCR methods in surveys 
indicates that these methods might be further refined with regard to sampling, sample 
preparation, limit of detection and interpretation of results (EFSA BIOHAZ Panel 2014b, 
Stals et al. 2013b). 
Overall, NoVs can be detected in frozen raspberries, but prevalence studies in particular 
using a multi-sample approach are limited, and quantitative data on viral load are scarce. 
Moreover, in many studies the focus has been on the technical elaboration of the NoV RT-
qPCR detection method rather than the approach to interpretation of RT-qPCR results. The 
present study presents data on occurrence and levels of NoV in batches of frozen berries 
including the elaboration of a decision-tool for interpretation of NoV RT-qPCR and 
indicating batches of insufficient sanitary quality. In this study, sampling was performed 
on 26 batches (5 samples/batch) of frozen raspberries from four different frozen raspberry 
processing companies in Belgium. All batches originated from Poland, which is one of the 
biggest berry producing country in the EU. The outcome of the survey, limitations of this 
batch testing approach in assuring food safety and concerns of technical nature associated 





4.3. MATERIALS AND METHODS 
4.3.1. Sampling plan 
Sampling was selected to investigate the suitability of a multi-sample approach (n=5) and a 
decision-tool for interpretation of NoV RT-qPCR results on frozen berries, based on the 
resources available. A total of 130 convenience samples were collected from 26 batches in 
four different raspberry processing companies. In two companies (A and B) the incoming 
cooled and mixed/minced raspberries served as raw material for the production of 
raspberry puree (an intermediate food product). Samples were taken after initial storage of 
the incoming raspberries at -20°C at the processing site. In two other companies (C and D), 
the samples consisted of bulk individually quick frozen (IQF) raspberries serving as raw 
material for the production of frozen fruit mixes (as a final food product for consumers) or 
were intended for further distribution. IQF raspberries were sampled upon arrival in these 
companies. All 26 sampled batches, which originated from Poland, were picked in the 
summer of 2011 and 2012. From each batch, 5 samples of ca. 100 g raspberries were 
randomly taken by the companies themselves from different vessels/boxes of a batch. All 
samples were stored at -20°C in the lab and analyzed within two months. The total of 130 
samples tested consisted of 14 batches of frozen bulk raspberries (n=70; 5 samples/batch) 
intended for the production of puree, and 12 batches (n=60; 5 samples/batch) of IQF 
raspberries. 
From each sample, 20 g (2 x 10 g) was used for analysis of the presence of NoV using RT-
qPCR detection as described below. Another 10 g was used for enumeration of Escherichia 
coli and coliforms by plating (pour plate method) a tenfold diluted suspension on RAPID’ 
E. coli 2 chromogenic agar medium (BioRad, France) and counting of typical colonies 
after 24h incubation at 37°C. The frozen raspberries were thawed overnight at 4°C before 
starting the NoV extraction procedure. 
4.3.2. NoV RT-qPCR detection 
4.3.2.1. Detection strategy 
The detection strategy was adopted, with minor adjustments, from the one previously 
described by Stals et al. (2011b) and is schematically represented in Figure 4.1. In detail, 
the detection of NoV (in 20 g, 2 x 10 g subsamples) was performed according to the 
elution-concentration method described earlier (Stals et al., 2011c; Baert et al., 2008a). The 
first subsample (10 g) was spiked with 100 µl of an MNV-1 solution containing ca. 10
7
 
genomic copies of MNV-1 (first batch and second batch of aliquots contained initially 2.2 
x 10
7
 and 1.4 x 10
7
 genomic copies of MNV-1 respectively) as a process control (PC). 
After spiking, the subsample with MNV-1 PC was incubated for 30 min at room 




temperature before starting the virus extraction. The PC was used to calculate the recovery 
efficiency of the extraction process. 
 
Figure 4.6. Overview of the detection strategy used for detection of NoV in raspberries. 
MNV-1: murine norovirus-1; NoV: norovirus; PC: process control; RTC: reverse 
transcription control; RT-qPCR: real-time reverse transcription PCR. 
 
Virus extraction of the second subsample (10 g) was performed in parallel with the first 





 copies) was added to the reaction mix as RT-control (MNV-1 RTC). 
No internal amplification control (MNV-1 IAC) was used during qPCR as previous results 
indicated that the RT-step is the most prone to inhibition and previous recovery 
efficiencies of the MNV-1 IAC were ca. 100% for raspberries (Stals et al. 2011b). The 
purpose of this MNV-1 RTC was to control the amplification efficiency and hence 
inhibition. For each subsample, qPCR was performed for the detection of MNV-1, either as 
PC or RTC. For each subsample, detection of GI and GII NoV was performed according to 
a duplex RT-qPCR as described earlier (Stals et al. 2009a). 
4.3.2.2. Virus elution and concentration method 
Virus extraction and elution using 30 ml tris/glycine/beef extract (TGBE) buffer (0.1 M 
Tris-HCl, 3% beef extract, 0.05 M glycine, pH 9.5 adjusted with 10 M NaOH) was 
performed as previously described by Baert et al. (2008a) and Stals et al. (2011c). To 





added to the elution buffer. Afterwards, viruses were concentrated using the PEG 
6000/NaCl precipitation technique. The final pellet was dissolved in 1.5 ml of phosphate-
buffered saline (Lonza, Verviers, Belgium) of which 1 ml was subjected to further 
purification by the use of a chloroform-butanol purification step. The supernatant was 
stored at -80°C until further RNA purification. 
4.3.2.3. RNA purification 





system 2.0 (Biomérieux, Boxtel, the Netherlands) following generic 2.0.1 protocol for on-
board lysis incubation according to manufacturer’s guidelines. The final elution volume 
was 25 µl. All RNA isolations were stored at -80°C until further use. 
4.3.2.4. Real-time reverse transcription PCR (RT-qPCR) for MNV-1, and 
NoV GI and GII detection  
A two-step RT-qPCR was used for the detection of MNV-1 (PC/RTC), GI and GII NoV. 
The reverse transcription step was performed as described previously (Stals et al. 2011b) 
with the inclusion of 1 µl of MNV-1 RNA as a RTC in accordance to the detection 
strategy. In this protocol, 3 µl of a 1/10 dilution of the RNA purified from the virus extract 
was used in a total final volume of 20 µl. Subsequently, 5 µl cDNA was used for qPCR. 
All cDNA was stored at -20°C. 
The qPCR was performed as described by Stals et al. (2009a), with the minor adaptation 
that MNV-1 detection was performed as a singleplex and GI and GII NoV were detected in 
a duplex reaction. Real-time quantification was performed on the SDS 7300 Real-time 
PCR System (Applied Biosystems). The used fluorophore/quencher combinations for 
GI/GII NoV and MNV-1 probes were 6-FAM/BHQ-1 (Integrated DNA Technologies), 
HEX/BHQ-2 (Integrated DNA Technologies) and FAM/MGBNFQ (Applied Biosystems), 
respectively. Each qPCR plate included two positive controls, containing fixed 
concentrations of both pGI and pGII plasmids diluted in either nuclease free water or 
diluted sample matrix, and at least eight no template controls (NTC) serving as negative 
control. 
To establish the Limit Of Detection (LOD) and the Limit Of Quantification (LOQ) for all 
virus qPCR assays, and for subsequent quantification, a qPCR calibration/standard curve 
was established using the plasmids as described by Li et al. (2014b). For detection of 
MNV-1, standard dilution series of the control plasmid were included in each qPCR plate. 
Tenfold serial dilutions ranging from 10
7
 to 10 copies of MNV-1 plasmids, analyzed in 
duplicate, were used to prepare the standard curves. The amplification data were collected 
and analyzed with the SDS 7300 instruments’ software. 




For GI and GII NoV detection, tenfold serial dilutions ranging from 10
6
 to 10 copies of GI 
and GII NoV plasmids, in triplicate, were used as external standard curves. This series of 
plasmids were not included on the same 96 well reaction plates as the samples as a 
precautionary step to prevent false positive results due to cross-contamination (Stals et al., 
2009b). Aliquots of the two positive controls, either diluted in nuclease free water or in 
diluted sample matrix, used during the qPCR detection of the samples were likewise 
included on the qPCR plate that contained the standard dilution series to control for the 
uniformity between the different qPCR runs. One single, optimal threshold for GI NoV 
detection and one for GII NoV detection was selected for all 5 qPCR runs (2 runs for 
mixed/minced raspberries, 2 runs for IQF and 1 run including standard dilution series for 
GI and GII detection). The amplification data was collected with the SDS 7300 
instruments’ software but analysis (quantification) was done using Microsoft Excel 2010 
(version 2007). 
4.3.2.5. Confirmation of specificity of NoV GI and GII RT-qPCR amplicons 
by sequencing  
The plasmids for GI (pGI) and GII NoV (pGII) (described by Li et al. 2014b) used in this 
study included a contamination marker ‘GGATCC’ sequence in the amplicon region 
between primer and probe binding sites. This sequence is not present in amplicons derived 
from genuine positives for GI and GII NoV. As such, positive RT-qPCR results could be 
confirmed by sequencing the amplicons to exclude false positives due to cross-
contamination with the two positive control samples (containing GI and GII plasmids) 
present on each plate. Direct sequencing using the same forward and reverse primer as 
used during the qPCR step was not an option due to the small amplicon size and the 
difficulty degenerated primers pose on sequencing without cloning cDNA fragments 
(Williams-Woods et al. 2011). In order to overcome these obstacles, qPCR amplicons of 
interest were re-amplified by conventional PCR using NoV GI and GII primers that were 
tailed on the 5’-end with the M13 forward (CAGGAAACAGCTATGACC) and reverse 
sequence (TGTAAAACGACGGCCAGT) as previously proposed by Williams-Woods et 
al. (2011). This modification added an additional 36 bp to the original amplicon size 
allowing direct sequencing of the amplicons using complementary M13 primers. The 
protocol used for this PCR was: 95°C for 8 min, followed by 30 cycles of 94°C for 30 s, 
60°C for 1 min, and 75°C for 30 s, with a hold of 72°C for 10 min at the end. After 
extension, PCR amplicons were detected by gel electrophoresis using 2% agarose gels and 
visualized using ethidium bromide to control whether only one singular band of the correct 
size was visible. When this was confirmed, the PCR product was sequenced in both 





4.3.3. Data analysis 
4.3.3.1. Interpretation of NoV GI and GII RT-qPCR signals  
Each qPCR run was validated by the negative and positive control samples included in 
each run. A sample of frozen raspberries was determined to be NoV positive if each of the 
three following requirements was met: 
(i) A NoV RT-qPCR signal was accepted as a positive signal if the Ct-value 
obtained was below the Ct of the Limit Of Detection (LOD) (Ct ≤  Ct LOD) as 
established from the calibration curve or if the Ct-value was below the cut-off 
value of 40.0 if the latter case was more restrictive (when Ct LOD > 40.0). 
Samples with a Ct-value higher than 40 or higher than the established Ct LOD 
(when Ct LOD ≤40.0) were deemed to be RT-qPCR background signals and 
thus judged as a negative test result for the NoV RT-qPCR test (Bustin et al., 
2009). 
(ii) The NoV RT-qPCR amplicons were confirmed to match the targeted NoV GI or 
NoV GII region by sequencing. 
(iii) At least one out of two frozen raspberry 10 g subsamples showed a positive NoV 
RT-qPCR signal (either for NoV GI RT-qPCR or for NoV GII RT-qPCR or for 
both). The positivity rate (1/2 or 2/2) represents the fraction of positive 
subsamples of 10 g.  
4.3.3.2. MNV-1 controls 
To control for false-negatives due to a failed extraction or due to inhibition of the 
molecular detection assay, a process control (PC) and a reverse transcription control (RTC) 
were included for each sample. Both controls consisted of a dilution of MNV-1 lysate and 
diluted, purified MNV-1 ssRNA, respectively. The recovery efficiency of the spiked 
MNV-1 virus (used as PC or RTC) from an individual sample was calculated using the 
following equation: recovery efficiency (%) = the number of recovered MNV-1 genomic 
copies / the number of seeded MNV-1 genomic copies x 100. The recovery success rate for 
any specific matrix type of raspberries for the detection of MNV-1 PC and MNV-1 RTC 
was calculated using the following equation: recovery success rate = number of 10 g 
analyses in which detection of MNV-1 PC or MNV-1 RTC was possible/number of 
performed analyses.  





4.4.1. Bacteriological quality of frozen raspberries 
All 130 samples tested negative for the hygiene indicators E. coli and coliforms (<10 
CFU/g) and thus all 26 tested batches of raspberries were considered to be of good 
bacteriological sanitary quality. 
4.4.2. Parameters of the NoV molecular detection strategy 
The linear dynamic range for GI and GII NoV quantitative detection ranged from 10
6
 to 10 
genomic copies (GC). Table 4.1. contains the parameters of both standard curves. The Ct-
value corresponding to this lower limit of 10 GC being defined as the Limit Of 
Quantification (LOQ) was 37.5 and 35.7 for GI and GII NoV qPCR, respectively. The 
theoretical Limit Of Detection (LOD) (corresponding to the detection of 1 GC by 
extrapolation) was Ct-value of 40.7 and 39.3 for GI and GII NoV qPCR, respectively. Thus 
when the Ct-value of a samples was between 37.5 and 40.0 or between 35.7 and 39.3 for 
the detection of GI and GII NoV respectively, NoV GC were deemed to be present, but not 
quantifiable (‘+’ in Table 4.2.). When the Ct-value of a sample was higher than 40.0 or 
>39.3 for detection of GI and GII NoV respectively, a negative test result was assigned for 
the NoV RT-qPCR test (‘-‘ in Table 4.2.). When the Ct-value was ≤37.5 or below 35.7 for 
the detection of GI and GII NoV respectively, the positive RT-qPCR result was considered 
to be quantifiable and was indicated with ‘log of genomic copies detected’ in Table 4.2. 
and the quantity derived from the standard curve. When both subsamples (each 10 g) were 
NoV positive and quantifiable, GC detected by RT-qPCR were added together.  
Table 4.3. Data obtained from the control plasmid standard curves of the real-time RT-PCR 
performed for the quantification of GI and GII NoV. 
Parameters
a
 GI NoV RT-qPCR GII NoV RT-qPCR 
Slope -3.76 -3.56 
Ea
b
 84.43% 90.77% 
Y-intercept when X = 0.0 40.7 39.3 
R² 
c




LOQ 37.5 35.7 
a
 Control plasmids were used as standard, as such viral loadings were expressed in number of genomic copies 
detected; the tenfold dilution series were analyzed in triplicate 
b
 The amplification efficiency of the real-time RT-PCR was calculated according to the formula:  
Ea=(10 
-1/slope
) -1, where E=1 corresponds to 100 % efficiency 
c 
The correlation coefficient 
d
 As the theoretical LOD >40.0, the Ct-value of 40.0 was set as a more restrictive cut-off level for the 





The quantities of GC of GI or GII NoV found in an individual sample (20 g) are calculated 
by multiplying the GC detected in 5 µl cDNA by qPCR with the dilution factor (x 500 = 
3/2 x 250/3 x 4/1) which takes into account the fractional use of the virus concentrate (2/3), 
the purified RNA (3/250) and the cDNA (1/4). As such, the theoretical detection limits in 
the event of positive GI and GII NoV RT-qPCR signals were 765 (2.9 log) NoV GC/10 g 
(Ct-value = LOD = 40.0) and 500 (2.7 log) NoV GC/10 g (Ct-value = LOD = 39.3), 
respectively. The theoretical limit of quantification (tLOQ) is 5000 (3.7 log) NoV GC/10 g. 
4.4.3. NoV detection in frozen raspberries 
The results of NoV GI and GII RT-qPCR detection in frozen raspberries are summarized in 
Table 4.2. Six of 70 raspberry samples intended for the production of raspberry puree 
showed presence of NoV RNA. The presence of NoV RNA means according to our 
definition in the present study the presence of by sequencing confirmed RT-qPCR positive 
signals for either GI NoV or GII NoV or both GI and GII NoV in at least one out of the 
two 10 g subsamples. As such, all six NoV RNA positive samples showed at least for one 
of the two subsamples a NoV GI RT-qPCR signal. All positive GI RT-qPCR signals had a 
Ct-value below LOQ, and were confirmed to be NoV RNA by sequencing. It is noted that 
in four samples only one of the two 10 g subsamples was positive for NoV GI by RT-
qPCR. When one sample of a batch was confirmed positive for NoV RNA, the whole 
batch was considered positive. The mean viral load (per 20 g mixed/minced raspberries) of 
these six samples was 4.3 log NoV GI genomic copies. Five of these six samples also 
showed NoV GII RT-qPCR positive signals (Ct-value <LOD). All, except one of these GII 
RT-qPCR positive sample, had a Ct-value ranging between LOD and LOQ (as such not 
quantifiable and indicated with a ‘+’ in Table 4.2.) and a positivity rate of 1 out 2. 
However, the sequencing results of these assumed NoV GII PCR amplicons, were 
inconclusive for four out of five samples. In these four samples, sequencing resulted only 
in the sequence of the extended primers, despite the successful sequencing of the extended 
amplicons of the GII NoV plasmid controls. These four NoV GII RT-qPCR positive 
samples were thus classified as non-confirmed for presence of NoV GII RNA (indicated 
with a star in Table 4.2.). But as these four samples already showed a confirmed NoV GI 
RT-qPCR signal, they were overall already attributed as being positive for presence of 
NoV RNA according to the definition outlined earlier (section 4.3.3.1.). For one sample, 
sequencing of the NoV GII PCR amplicon was successful and thus a confirmed presence 
of NoV GII RNA (although not quantifiable, ‘+’) was noted. This one sample was also 
already confirmed to contain NoV GI RNA (4.9 log genomic copies). Overall the results 
indicating presence of NoV RNA in the raspberry puree samples, indicated that all six of 




these NoV RNA positive samples were clustered in two batches from Company A. Four 
out of five samples in batch 1 and two out of five samples in batch 2 contained NoV RNA. 
For IQF raspberry samples, initially 6 samples showed NoV RT-qPCR signals indicating 
either possible presence of GI NoV and/or GII NoV. After sequencing, only one sample 
was confirmed to contain NoV GI RNA and two samples, with NoV GII RT-qPCR signals, 
did not give conclusive results (marked with ‘*’). Therefore, these inconclusive, positive 
RT-qPCR signals could be either due to the presence of NoV RNA or the presence of 
‘positive control plasmid DNA’. The three other samples with NoV RT-qPCR signals, one 
subsample with a signal for GII NoV and two subsamples with signals for possible GI and 
GII NoV presence, were confirmed to contain positive control plasmid DNA, and were 
classified as not containing NoV RNA (indicated with ‘-‘ as negative). In conclusion at 
least one out of 12 batches of IQF raspberries contained NoV RNA, and possibly two other 
batches. However, quantities of NoV were below the limit of quantification (< 3.7 log 
genomic copies GI or GII NoV/20 g) in all (potential) positive NoV RNA samples.  
 
  
Table 4.2. Detection of GI and GII NoV RNA in 26 batches of raspberries. In company A and B mixed/minced raspberries were sampled that were 
intended for the production of puree, and in company C and D IQF raspberries were sampled. 
‘-‘: no NoV detected (# < LOD) 
‘+’: defined as positive for NoV: positive RT-qPCR signal (amplification curve) + confirmation by sequencing of amplicon 
‘*’: Positive RT-qPCR signal (amplification curve), but inconclusive result by sequencing.    
Company Batch n°/Sample n° 
(B n°/S n°) 
NoV presence/ 
absence 
Log genomic copies of NoV GI in  20 g 
raspberry (Ct values) [positivity rate] 
Log genomic copies of NoV GII in 20 g 
raspberry (Ct values) [positivity rate] 
A B1/S1 P 5.1 (31.88;34.90) [2/2] 4.2* (33.75;36.18) [2/2] 
 B1/S2 P 4.2 (35.13) [1/2] +* (36.82) [1/2] 
 B1/S3 P 4.9 (34.70;33.07) [2/2] + (36.82) [1/2] 
 B1/S4 P 4.5 (34.01) [1/2] +* (36.39) [1/2] 
 B1/S5 A -   -   
 B2/S2 P 3.7 (36.94) [1/2] -   
 B2/S3 P 3.7 (36.95) [1/2] +* (37.5) [1/2] 
 B2/S1,4&5 A -   -   
 B3-> B7 A -   -   
B B1->B7 A -   -   
Total puree  2/14 batches positive for NoV RNA (confirmed by sequencing) 
C B1&B2 A -   -   
 B3/S 1,3->5 A -   -   
 B3/S2 P* -   +* (37.33) [1/2] 
 B4/S1->5 A -   -   
 B5/S1,2,4,5 A -   -   
 B5/S3 P + (38.00) [1/2] -   
 B6/S1->5 A -   -   
 B7/S1,2,4,5 A -   -   
 B7/S3 P* -   +* (38.24) [1/2] 
D B1->B5 A -   -   
Total IQF Minimal 1/12 batches positive for NoV (confirmed by sequencing) 
 Maximal  3/12 batches positive for NoV (however of two batches the positive sample was not confirmed by sequencing) 




4.4.4. MNV-1 controls 
Only the 1/10 diluted RNA was used for RT-qPCR detection of both MNV-1 controls and 
human NoV as preliminary experience with these raspberry food matrices indicated that, 
despite the inclusion of a chloroform-butanol purification step, there was a considerable 
degree of inhibition (data not shown) of the RT-step and/or the qPCR-step. 
Results for the efficacy of the recovery of the MNV-1 PC and the MNV-1 RTC are 
summarized in Table 4.3. The recovery efficiencies of MNV-RTC, which was used as a 
measure for the amplification efficiency and hence inhibition, were significantly lower for 
detection in mixed/minced raspberries intended for puree (40.2% ± 16.6%) than those 
obtained for detection in IQF raspberries (76.0% ± 25.7%) (t-test, p= 0.000). The mean 
recovery efficiency for the detection of MNV-1 PC in both types of raspberries was 4.7% ± 
4.2% and 10.1% ± 12.4% for mixed/minced raspberries and IQF raspberries, respectively. 
However, a significant higher mean recovery efficiency of the PC (28.7% ± 7.0%) was 
noted for the three batches of IQF raspberries analyzed in the last sampling week compared 
to the mean recovery efficiency of the previous 9 batches of IQF raspberries (2.4% ± 
2.6%) analyzed in the first 3 sampling weeks (t-test, p = 0.000). This rise in recovery 
efficiency coincided with a shift in the batch of aliquots of diluted MNV-1 being used as 
PC to spike one of the duplicate 10 g subsamples upon analysis. Although both batches of 
PC were derived by 1/10 dilution from the same stock of 1/10 diluted lysate of MNV-1, 
and were verified to contain approximately the same number of genomic copies when the 
initial stock was tested (ca. 10
7
 genomic copies/100 µl), the recovery efficiencies were 
significantly higher when the latter stock was used. 
Table 4.3. Quantitative and qualitative analysis of the extraction efficiency (MNV-1 PC) and 
amplification efficiency (MNV-1 RTC). 
  Fraction of samples with recovery efficiency between the 
specified boundaries 
Terminology of level of recovery 
efficiency 









Very low 0.1% ≤ % < 1% 0.07 0.23 0.00 0.00 
Low 1% ≤ % < 10% 0.81 0.48 0.00 0.00 
Moderate 10% ≤ % < 25% 0.12 0.10 0.13 0.00 
High 25% ≤ % < 70% 0.00 0.18 0.79 0.47 
Very high ≥ 70% 0.00 0.00 0.09 0.53 
% mean recovery efficiency ± SD 4.7%±4.2% 10.1±12.4% 40.2%±16.6% 76.0%±25.7% 







It is well acknowledged that there are limitations of testing and batch control for ensuring 
food safety. This primarily relates to the restriction on the units that can be sampled from a 
batch. Apart from statistical limitations of sampling plans, estimates from the performance 
of sampling plans do not take into account errors that might occur from the microbiological 
methods used to determine the presence of the pathogens under considerations in these 
foods (ICMSF 2011). As an example of shortcomings of batch testing to evaluate food 
safety: if the sample sub-population of a batch is e.g. 100, 20, 10 or 5 units, and in none of 
the samples the pathogen is detected, it can be estimated (with 95% probability) that the 
maximum number of units that is contaminated is respectively less than 3%, 14% 26% and 
45% of the tested batch. Thus the tested sample units may not contain the pathogen under 
consideration even when the batch is contaminated. For example, during analysis of the 
batch of frozen strawberries (44 ton) implicated in the German outbreak of NoV in 2012, 
NoV genomic copies could not be detected in 4/11 tested samples, which could be the 
result of inadequate testing sensitivity or heterogeneous NoV contamination (Mäde et al. 
2013). 
The sampling plan in the present study targeted frozen raspberries (either IQF or frozen for 
further processing to puree) from Poland. Poland is the most important producer of berries 
for further processing (freezing) within EU, a main supplier of frozen berries to the four 
processing companies who collaborated in this study and frozen berries from Poland have 
been implicated in EU RASFF alerts previously. NoV analysis is a laborious and time-
consuming analysis, restricting the number of samples that could be performed in this 
multi-sample survey. Initially, 28 batches were targeted (7 per company), knowing that at 
the sampling plan frequency, even when all batches tested negative, a contamination level 
up to 10% could have been present. Eventually, 26 batches (2 batches less due to some 
communication issues on sampling with some companies) were surveyed and quantifiable 
NoV RT-qPCR signals were detected in two batches (of mixed berries for further 
processing to puree) having multiple samples positive. This indicates 8% (2/26; 95% CI 2-
24%) can be classified as being of insufficient sanitary quality and in need of corrective 
measures. Furthermore another batch of IQF raspberries showed single sample result, with 
RT-qPCR high Ct value, thus not quantifiable but detected. 
In the majority of 20 g samples showing positive for NoV RNA, only 1 out of the two 
replicate samples were positive (positivity rate = 1/2). However, this negative replicate 
sample needs not necessarily to be judged as a false negative result. Positive NoV RT-
qPCR signals are often associated with high Ct values, in the range of Ct 35 to 38, close to 
the limit of detection. As defined, the limit of detection is the smallest concentration of the 




analyte that can be detected in a sample with a given probability (e.g. 50% or 1 out of 2) 
(Anonymous 2013). The sensitivity of a detection method is usually described as the 
fraction of the total number of positive cultures correctly assigned and low sensitivity of a 
detection method will lead to false negative results. The issue in the present survey of 
naturally contaminated frozen raspberries is that the “true” result and hence prevalence is 
unknown. Therefore it is difficult to interpret whether a negative result of a replicate result 
(the 1 out of 2), or the negative result of another sample of the same batch is to be judged 
as a “false negative” or is “true negative”. Also intra-batch heterogenity in NoV 
contamination may occur and thus analyzing another 10 g in the replicate sample or 
sampled at another location in the batch may indeed lead to a similar or different result. 
Although the number of samples/batches analyzed is limited, the results enabled us to 
discuss on sampling, on interpretation of qPCR-generated results for viruses and to make a 
contribution to these knowledge gaps. This study reports the analysis of NoV in frozen 
raspberries using established standard RT-qPCR methods. The presence of “plasmid 
control sequence” was detected in a total of three sample wells in the two qPCR plates 
used for the detection of GI and GII NoV in IQF raspberry samples. Therefore, it can be 
concluded that cross-contamination took place, even though all negative template controls 
(in total 27 NTC’s) and all blank control samples implemented during RNA extraction (7 
controls) and RT-PCR (6 controls), which were included on the same two qPCR plates, 
had negative NoV RT-qPCR signals. These false positive results can be attributed to 
contamination with plasmid DNA that was present on each plate as a positive control. This 
highlights that even under stringent control conditions to prevent contamination, and even 
though all negative controls included in the experimental set-up were negative, seemingly 
this type of carry-over contamination can still occur. However, in this study this problem 
was only revealed because of the efforts made to confirm results by sequencing. The 
confirmation of NoV RT-qPCR results is still challenging and not a common procedure in 
most of the laboratories investigating NoV contamination in foods. 
The RT-qPCR detection strategy for NoV in food used in this study included a process 
control (MNV-1 PC) and an external control RNA (MNV-1 RTC) to assess the extraction 
efficiency and the amplification efficiency/inhibition, respectively. It is assumed that a 
minimum amplification efficiency for the recovery of the external control RNA (MNV-1 
RTC) of >25% is sufficient (ISO/TS 15216-1:2012(E)) (Anonymous 2012c). This 
threshold was met for all IQF raspberry samples, but 13% of mixed/minced raspberry 
samples intended for puree had an amplification efficiency in the range 12% - 24%. The 
extraction efficiencies (recovery efficiency of MNV-1 PC) were categorized as low to 





fraction of samples having a recovery efficiency (MNV-1 PC) <1%. This is not unusual, as 
Mattison et al. (2010) found 17% of samples, analyzed for enteric viruses in leafy greens, 
had a process control recovery below 0.01%. The recovery efficiencies obtained in this 
study for both MNV-1 controls are comparable with those obtained in the Belgian (Stals et 
al. 2011b) and French study (Baert et al. 2011) for the detection of NoV in soft red fruits.  
However, direct comparison of the process control recovery between studies is not always 
relevant, as other factors besides the used protocol or type of control virus can influence 
the obtained recovery efficiency. Nevertheless, the authors support the use of a PC in order 
to benchmark the obtained extraction efficiencies. Furthermore, the production of process 
controls with consistent quality is challenging. For example here a significant difference 
was observed in the recovery efficiency of MNV-1 PC, when a second, freshly prepared 
batch of aliquots derived from the same initial 1/10 diluted stock of MNV-1 lysate was 
used for the analysis of the remaining IQF raspberry samples. The use of different stocks 
of MNV-1 PC was expected to be the reason for the difference in recovery efficiencies. As 
all other possible relevant parameters that could have influenced the recovery efficiency 
(e.g. reagents and analysts) were kept constant and all batches of IQF raspberries were 
processed sequentially, with limited time intervals (maximum one week). A hypothesis for 
the reason for the higher recovery efficiency obtained when the second, more freshly made 
batch of PC control was used, could be a difference in the ratio of infective 
viruses/genomic copies. Differences in the yield of viral concentration methods for non-
infectious particles (genomic RNA) versus infectious particles have been reported 
(Gassilloud et al. 2003), as some viral concentration methods can be based on the particle 
structure of the viruses (Haramoto et al. 2007) and hence favor the detection of RNA that 
is encapsulated (possibly infective) over free RNA. Meanwhile the differences in the 
recovery efficiency of MNV-1 batches did not seem to be relevant for the finding of NoV 
RNA positive samples, as all analyzed raspberry samples processed during the last 
sampling week, using the newer batch of aliquots of PCs, showed negative for NoV RNA. 
Whereas when quantifiable NoV RT-qPCR results were obtained in the present study this 
occurred when the
 
first stock of MNV-1 was used (the latter observed to lead to a lower 
recovery efficiency).  
Experiences obtained using process controls in large screening studies is not abundant as 
not all screening studies that used a sample process control and/or inhibition control, 
specify the obtained recovery efficiencies (e.g. Kokkinos et al. 2012; Maunula et al. 2013) 
and other studies have not included any process/inhibition control (e.g. Serracca et al. 
2012; Yilmaz et al. 2011). Clearly, standard inclusion of the extraction recoveries obtained 
would provide valuable information on the use of a PC and could potentially reveal 




experienced variabilities and difficulties when using the current protocols and surrogate 
viruses. Hence the authors support the standard inclusion of a PC and encourage the 
reporting of these results. To verify our hypothesis and to obtain a standardized process 
control procedure, it would be of interest to study the effect the process control quality has 
on the obtained recovery efficiency in more detail. This in order to formulate a best 
practice scenario to standardize this PC batch quality and hence enabling better 
benchmarking of the resulting recovery efficiency. This could help improve the availability 
of reliable quality control materials produced independently. A recent EFSA opinion on 
NoV in leafy greens suggested this as a necessary prerequisite before there can be 
complete confidence in the concordance of results within and between laboratories (EFSA 
BIOHAZ Panel 2014b).  
In the present study, natural occurrence of NoV in processed raspberries (not involved in 
any outbreaks) was demonstrated in three batches, even though all batches tested negative 
for the bacterial hygiene indicators E. coli and coliforms. The two positive mixed/minced 
raspberry batches each from company A were destined for further processing into puree. In 
this puree production process or during further processing to consumer end products, a heat 
treatment up to 90°C is generally included. As such, the resulting level of concern for 
public health raised by the end product (puree after heat treatment) of both batches is 
considered to be low, as cooking procedures in which the internal temperature of the food 
reaches at least 90°C for 90 s are considered adequate treatments to destroy viral infectivity 
in most foods (Anonymous 2012d; FAO/WHO 2012). For company C (IQF products), the 
one positive batch for GI NoV RNA needs further action. Since the finding of NoV RNA 
can be considered as the result of viral, fecal contamination and hence could indicate 
possible sanitary problems in the farm-to-fork chain. As such, the finding of NoV genomic 
copies, however incidental and below LOQ, may provoke corrective actions and 
verification of on-farm agricultural and hygienic practices. However, no quantifiable 
results for the presence of NoV genomic copies were detected (only Ct values between 
LOD and LOQ), and the obtained Ct-value was close to the limits of the qPCR detection 
method. The two presumptive positive batches for GII NoV (inconclusive results by 
sequencing) are considered as negative according to the decision tree elaborated in 
§4.3.3.1. However could not be classified as ‘true negative’ due to inconclusive results by 
sequencing and hence should be reanalyzed.  
In conclusion, the current study presents data on the occurrence of NoV in frozen 
raspberries (mixes or IQF). The presence of quantifiable amounts of NoV and the 
clustering of several positive samples in one batch can indicate sanitary problems, although 





positive batches, even though all implemented controls were negative, demonstrated the 
added value of additional confirmation of positive RT-qPCR signals. As also in a situation 
of adherence to good laboratory practices, contamination can occur randomly and hence 
cannot be excluded (Stals et al. 2009b) or necessarily detected by the use of negative 
controls. Specificity and confirmation of the RT-qPCR signal and resultant amplicon was 
demonstrated successfully. However, sequencing often failed and consequently gave 
inconclusive results for GII NoV RT-qPCR signals.  
The present study demonstrated a defined approach for the interpretation of NoV-RT-
qPCR signals obtained and puts this in a context of batch sampling, considering five units 
per batch as typically applied in sampling plans for import control or inspections to assess 
the safety of frozen raspberries. In only one batch consistent quantifiable NoV genomic 
copies were obtained in 4 out of the 5 sampled units. Most only single unit positive NoV 
RT-PCR signals were obtained in a batch. Although testing of batches for supplier control 
and import control is an option, it remains the question whether this is cost-effective and 
the most appropriate manner to guarantee food safety. As stated by CAC/GL 79-2012, in 
the application of general principles of food hygiene to the control of viruses in food, 
effective control strategies need to focus on prevention of contamination. For soft red fruits 
this means that extra care must be taken at pre-harvest, harvest level and at the post-harvest 
phase, in order to prevent contamination due to inappropriate (irrigation) water and 
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5. QUANTITATIVE STUDY OF CROSS-CONTAMINATION WITH 
E. COLI, E. COLI O157, MS2 PHAGE, AND MURINE NOROVIRUS 
IN A SIMULATED FRESH-CUT LETTUCE WASH PROCESS 
5.1. ABSTRACT 
The water management in fresh-cut produce processing is an important factor affecting the 
microbial quality and safety of fresh-cut produce. For this chapter, a commercial lettuce 
washing process was simulated using two subsequent washing baths (WB). The worst case 
scenario, when no sanitizers are used and still common in some European countries, was 
investigated to fully understand the potential for cross-contamination and to obtain 
baseline data for further risk assessment. The two cross-contamination processes (from 
lettuce to water and from water to lettuce) were included in the simulation study, and the 
transfer of E. coli, E. coli O157, MS2 phage and murine norovirus was quantified. The 
mean reduction of initially contaminated lettuce through the washing in two successive 
WB was limited: 0.3 + 0.1 log CFU E. coli/g after washing in WB1 and an additional 
reduction of 0.2 + 0.1 log after WB2. The microbial load of the water in the washing baths, 
initially starting off with potable water, increased rapidly during the washing process of the 
contaminated lettuce. Furthermore to quantify the transfer of the four implicated micro-
organisms from contaminated water to the lettuce, the first washing bath was inoculated 
with either approximately 3.0, 4.0 and 5.0 log CFU E. coli/100 ml or 4.8, 5.6 or 6.7 log 
CFU E. coli O157/100 ml, 4.0, 5.1 or 6.5 log PFU MS2 phages/100 ml or 6.5 log PFU/100 
ml norovirus surrogate MNV-1. The contamination of the subsequently washed lettuce 
portions resulted in levels of ca. 1.0 up to 1.9 log CFU E. coli/g after passing the two 
washing steps. In addition, after a rapid initial increase, due to spill over of water from WB 
1 to WB2, the contamination of WB2 further augmented during the washing process to 
approximately 1.0 to 0.5 log below the inoculation level of WB1. Transfer of E. coli O157, 
MS2 phages or MNV-1 from the water to the lettuce was respectively 0.9% ± 0.3%, 0.5% 
± 0.2% and 0.5 ± 0.1% after WB1 and resulted in a contamination level for the highest 
inoculum level of WB1 of respectively ca. 2.9 ± 0.1 log CFU/g, 3.7 ± 0.1 log PFU/g and 
4.4 ± 0.1 log PFU/g lettuce. The quantitative data of lettuce contamination and transfers 
established in this chapter further highlight the vulnerability of fresh produce to cross-
contamination during the washing stage. It stresses that notwithstanding the use of initial 
potable water and partial refreshment of water but without the use of sanitizers, microbial 
pathogens (or indicator organisms) may easily be introduced and reside for prolonged 






Recently, a number of outbreaks have been associated with fresh-cut vegetables 
emphasizing the vulnerability of fresh-cut processing (CDC 2010; Fisher and O’Brien 
2001, Friesema et al. 2008; MacDonald et al. 2011). The processing line of commercial 
fresh-cut vegetables consists of a succession of different unit operations, including storage 
of the produce, trimming, cutting/slicing/shredding, washing, draining, rinsing, 
centrifugation and packaging (Allende et al. 2004; Baur et al. 2005; Delaquis et al. 2004). 
Ready-to-eat produce is not subjected to any microbial inactivation such as surface 
pasteurization or cooking, which makes leafy greens an important transmission route for 
foodborne bacteria (Friesema et al. 2007; Horby et al. 2003; Wendel et al. 2009) and 
viruses (Ethelberg et al. 2010; Oogane et al. 2008). The current control measures rely on 
washing and cooling below 4 °C to restrict the microbial load and growth (Bhagwat 2006; 
Lehto et al. 2011; Luo 2007). Washing of produce removes soil, plant debris, pesticide 
residues and cell exudates that support microbial growth (Baur et al. 2004; Gil et al. 2009). 
It reduces produce temperature to suppress physiological disorders and microbial growth 
during subsequent storage (Delaquis et al. 2004; Gil et al. 2009). However, low 
temperatures may contribute to the persistence and subsequent transmission of viruses to 
the human host (Seymour and Appleton 2001). Though water is a useful tool for reducing 
potential contamination, several publications both in real life and lab-scale showed that 
washing water of inadequate quality has the potential to be a direct source of 
contamination and a vehicle for spreading localized bacterial and viral contamination 
(Allende et al. 2008; Baert et al. 2009b; Gerba 2009; Gil et al. 2009; Holvoet et al. 2012; 
Luo 2007; SCF 2002; Seymour and Appleton 2001;Wachtel and Charkowski 2002). As 
antimicrobial agents in fresh-cut produce washing such as chlorine are prohibited in 
several European countries such as Germany, the Netherlands, Denmark and Belgium 
(Artes and Allende 2005; Artes et al. 2009; Rico et al. 2007), fresh produce processing 
relies on continuous addition and refreshments of washing baths with large amounts of 
potable water, up to 40 m³/ton of raw produce, to minimize the event of accumulation of 
micro-organisms in the water and transfer of micro-organisms from the water to the fresh-
cut lettuce (Olmez and Kretzschmar 2009; Selma et al. 2008; VMM 2005). 
The two cross-contamination events (from lettuce to water and from water to lettuce) were 
performed separately to gain more insight in transfers and degree of contamination 
established. Bacterial (cross-) contamination with Escherichia coli (O157) was 
investigated as E. coli is a well-known indicator for fecal contamination and the possibility 
of the presence of other more harmful organisms such as pathogenic E. coli, 
Campylobacter spp., Salmonella spp. (Wilkes et al. 2009). Firstly, inoculated lettuce was 
used in the simulation to show the impact of a contaminated incoming raw product on the 




wash water quality of the two washing baths. Secondly, non-inoculated lettuce was washed 
in simulated “reconditioned used” water (water that was used for washing of multiple 
portions of lettuce in a row) of different microbial qualities to determine the degree of 
cross-contamination between water and lettuce. Finally, the influence of a final potable 
water rinsing step after the washing steps was evaluated with respect to the effect on the 
microbial load. 
Viral foodborne outbreaks related to leafy greens such as lettuce have been reported 
frequently (Dewaal and Bhuiya 2009; EFSA 2013). Viral transfer from contaminated fresh 
produce to the washing water has been documented in several disinfection studies (Baert et 
al. 2009b; Casteel et al. 2009), but in-depth studies on the consequence of a contaminated 
WB on the contamination level of lettuce processed in consecutive portions has not been 
documented before. Therefore, the viral transmission from a contaminated WB to three 
consecutive portions of lettuce was investigated. MS2 bacteriophages and murine 
norovirus (MNV-1), previously identified as adequate models for human pathogenic 
enteric viral adhesion on inert and lettuce surfaces (Deboosere et al. 2012), were used as 
surrogates for human noroviruses (NoV). 
Currently, extensive data regarding the practical validation of the importance of cross-
contamination during the washing stage, in particular without sanitizers used as is still 
often the case in some European countries, is missing and has been identified as a data gap 
in Chapter 6 for accurate risk assessment in the fresh produce supply chain (Danyluk and 
Schaffner 2011; Zhang et al. 2009). As such, the goal of this cross-contamination study 
was to produce useful quantitative data on transfers from water to lettuce and to obtain 
insights on the impact of water management practices in fresh-cut processing on bacterial 
and viral pathogens’ distribution in the fresh produce supply chain. 
5.3. MATERIALS AND METHODS 
5.3.1. Bacterial strains and inoculum preparation 
A three-strain cocktail of E. coli previously isolated from lettuce, soil, and fresh-cut 
processing wash water, was used. The three strains were also deposited to the LFMFP-
UGent culture collection: lettuce (nr. 853), soil (nr. 854) and wash water (nr. 855). 
A two-strain cocktail of nalidixic acid resistant verotoxin negative (VT-) E. coli O157 
strains (LFMFP nr. 811 and nr. 846) was used. Strain LFMFP 811 was derived from strain 
CECT 5947 provided by the Group on Quality, Safety and Bioactivity of Plant Foods of 
CEBAS-CSIC (Spain), whereas strain LFMFP 846 was derived from strain EH1434 from 
UZ Brussels provided by the Technology and Food Science Department of ILVO 
(Belgium). Nalidixic acid-resistant (Nal
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consecutive 24 h transfers of BHI cultures to BHI with increasing concentrations of 
nalidixic acid (Nal) (Merck, Darmstadt, Germany) until isolates were resistant to 50 mg of 
nalidixic acid per ml. 
To obtain appropriate inocula for E. coli and Nal
R
 E. coli O157, the separate strains for 
both inocula were consecutively subcultured twice in respectively 10 ml of nutrient broth 
and 10 ml of TSB supplemented with nalidixic acid (Nal, 50 mg/ml), and incubated at 
37°C until the culture reached the stationary phase. After the second incubation, cultures 
were mixed, equal volumes of cell suspensions were combined to give approximately 
equal populations of each culture. The cocktail was centrifuged at 1800 g for 10 min at 
20°C, washed two times in phosphate buffer, centrifuged again and resuspended in 
phosphate buffer to obtain a final concentration of approximately 9 log CFU/ml and 8 log 
CFU/ml for E. coli and E. coli O157, respectively. 
5.3.2. Viral strains and inoculum preparation 
A stock of bacteriophage MS2 was obtained in accordance with the standard method of the 
International Organization for Standardization, (ISO 10705-1), using Salmonella 
Typhimurium WG49 as a bacterial host (Anonymous 1995). Aliquotes of the phage stock 
suspension were stored at -80°C. 
Cells of the murine macrophage cell line RAW 264.7 (ATCC TIB-71; provided by H.W. 
Virgin, Washington University School of Medicine, St. Louis, MO) were grown in 
complete Dulbecco’s modified Eagle’s medium (DMEM) at 37°C under a 5% CO2 
atmosphere. Complete DMEM consisted of DMEM (Lonza, Walkersville, MD) containing 
10% low-endotoxin fetal bovine serum (HyClone, Logan, UT), 100 U/mL penicillin, 100 
µg/mL streptomycin (Lonza), 10 mM HEPES (Lonza), and 2 mM L-glutamine (Lonza). 
RAW 264.7 cells were infected with MNV-1.CW1, passage 7, at a multiplicity of infection 
(MOI) of 0.05 (MNV-1 to cells) for 2 days. After two freeze-thaw cycles, low-speed 
centrifugation was used to remove cellular debris from the virus lysate (Wobus et al. 
2004). The lysate was stored in aliquots at -80°C. The titer of MNV-1 (PFU/mL) was 
determined by plaque assay (Wobus et al. 2004). 
5.3.3. Fresh-cut lettuce and standardized fresh-cut processing wash water 
In all experiments, fresh, unbagged, unprocessed lettuce (Lactuca sativa L. var. capitata) 
was used. The lettuce was purchased from a local market in Belgium and transported at <4 
°C to the lab for further handling. The outer leaves were removed while the inner leaves 
were cut into pieces of 3 cm. 




Standardized water was used to simulate used fresh-cut produce processing water for 
WB1. This was obtained by homogenizing 67 g of lettuce along with 200 ml of tap water 
for 120 s in a stomacher bag containing a filter of approximately 500 µm (VWR). The 
water was stored at 4°C for 16 h before further handling. On the day of the experiment the 
standardized water was further diluted with tap water to obtain a chemical oxygen demand 
(COD) value of approximately 800 mg/L (López-Gálvez et al. 2013). Chemical Oxygen 
demand (COD) was measured according to the small-scale sealed-tube method 
(Anonymous, 2002) (LCI 400; Hach Lange; Belgium). When potable municipal water was 
used this was also pre-cooled at 4°C. 
5.3.4. Determination of cross-contamination from lettuce to water using E. 
coli as an indicator organism 
In order to determine to which extent fecal contaminated lettuce could be the cause for the 
introduction and maintenance of elevated levels of E. coli in the washing baths, fresh-cut 
lettuce was inoculated with E. coli. Lettuce leaves were cut into slices of 3 cm and grouped 
in portions of 200 g. An inoculum level of ca. 10
4
 CFU/g of E. coli was obtained by 
submersion of fresh-cut lettuce for 1 minute (with manual stirring) in 1.5 L of E. coli 
contaminated standardized water (10
5
 E. coli/ml), drying by a handheld salad spinner, and 
grouping the fresh-cut lettuce in portions of 200 g and keeping them overnight at 5 + 1 °C 
until further use for the washing experiment. 
The simulation of an industrial fresh-cut washing process consisted of two subsequent 
washing baths filled with initial (at start of the experiment) potable water. First, E. coli 
contaminated lettuce portions of 200 g were washed in a first washing bath (WB1) by 
manual stirring of 200 g in 4 L of potable water (5 + 2 °C, pH = 7.2 + 0.2). After one 
minute the 200 g lettuce was removed from the water, 20 g was retained, spin-dried in a 
handheld salad spinner for 30 s. The remaining 180 g of lettuce was transferred to a second 
washing bath (WB2) containing 3.6 L of (initial) potable water (and thus establishing in 
WB2 as in WB1 a product/water ratio of 0.05 kg/L). The fresh-cut lettuce was again 
washed by manual stirring for 1 minute. After washing in WB2, the 180 g of lettuce was 
removed from the water, spin-dried in a handheld salad spinner for 30 s and 20 g was 
retained for microbial analyses. This procedure was performed for using ten consecutive 
portions of inoculated lettuce (of 200 g), all ten portions passed subsequently through the 
same two washing baths. For each portion of lettuce subjected to the simulation of the 
industrial fresh-cut washing process, 20 gram samples were taken after each washing step 
and analyzed in double (2 x 10 g) for the presence of E. coli. After washing of each 200 g 
portion of lettuce, 5 ml of wash water was taken to determine the E. coli levels in the 





lettuce being washed, the washing baths were intermediate supplemented with 50 to 90 ml 
potable water to the initial volume (respectively 4 L for WB 1 and 3.6 L for WB 2) to 
account for the water losses during the process of fresh-cut lettuce washing and the amount 
of water taken for testing (approximately 45 - 85 ml being the amount of water being 
adhered to the portion of fresh-cut lettuce being washed and taking out of the water bath 
when recovering the lettuce from the washing bath). The whole experiment was conducted 
in duplicate. 
5.3.5. Determination of cross-contamination from water to lettuce using E. 
coli as an indicator organism 
In this experiment, WB1 containing 4 L of standardized water (5 + 2 °C, pH = 7.6 + 0.2) 
was spiked with E. coli to evaluate the potential transfer of E. coli from the inoculated 
standardized washing water (without addition of sanitizers) to the fresh-cut lettuce when 
subjected to a washing procedure as is the case in an industrial fresh-cut washing process. 
Furthermore, the effect of washing the fresh-cut lettuce subsequently in a second washing 
bath (WB2), containing initial potable water (3.6 L, 5 + 2 °C, pH = 7.2 + 0.2) 
(product/water ratio starting at 0.05 kg/L) on the residual E. coli contamination level on the 
lettuce was established. The E. coli cross-contamination from the water to the lettuce was 
monitored for ten consecutive portions of 200 g of fresh-cut lettuce being subjected to the 
simulation of the industrial washing process. The E. coli contamination of the standardized 
washing water in WB1 was set in three separate experiments (A, B and C) at approx. 3.0, 
4.0 and 5.0 log CFU E. coli/100 ml. These levels are indicative for various potential levels 
of E. coli load in the water of the washing baths that may be obtained in a fresh-cut lettuce 
produce processing company when no sanitizers are used (Holvoet, Jacxsens, Sampers, & 
Uyttendaele, 2012). For each E. coli contamination level of WB1, the experiment was 
conducted in duplicate. The same experimental approach for washing the fresh-cut lettuce, 
sampling and analysis was used as mentioned above in section 5.3.4. A schematic 
representation is depicted in Figure 5.1. Briefly, 5 ml water samples were taken to 
determine the E. coli levels of WB1 and WB2 after each portion of lettuce washed. Lettuce 
samples (2 x 10 g) were put aside after each washing step for each portion of lettuce 
involved. After washing one batch, the washing baths were intermediate supplemented 
with the same water quality initially present in the respective wash baths.  





Figure 5.1. Schematic representation of the washing and sampling protocol applied for the 
determination of bacterial and viral transfer from prolonged used water to fresh-cut lettuce. 
WB1: washing bath 1; WB2: washing bath 2; Lett: lettuce. 
 
5.3.6. Determination of the effect of a final rinsing step with potable water on 
residual E. coli contamination of fresh-cut lettuce  
This experiment was performed to establish whether rinsing with potable water would be 
more effective to reduce the introduced E. coli load on the washed fresh-cut lettuce (via 
transfer from the water in WB1) than washing (and thus submersion of the fresh-cut lettuce 
portion) in a second washing bath with initial potable water. Four portions of 200 g of cut 
lettuce were subsequently washed in a washing bath with 4 L of inoculated standardized 
washing water. The experiment was performed with three different inoculum levels of E. 
coli (4.1, 5.2 and 6,4 log
 
CFU E. coli/100 ml). However, in this experiment after the first 
washing bath, the 200 g washed fresh-cut lettuce was not transferred to a second washing 
bath with (initial) potable water. Instead, the 200 g washed fresh-cut lettuce was 
subsequently rinsed with a full cone nozzle with potable water for 10 to 20 seconds 
applying various volumes of rinsing water: the 200 g portions of prior washed (in WB1) 
fresh-cut lettuce were rinsed with respectively 400, 300, 200 and 100 ml of potable water. 
Four 10 g samples of the fresh-cut lettuce portion before rinsing and after rinsing were 
dried by a handheld salad spinner for 30 s and analyzed for E. coli numbers. E. coli was 






5.3.7. Determination of transfer and cross-contamination of E. coli O157, 
MS2 phage and MNV-1 from water to fresh-cut lettuce  
The approach as mentioned in section 5.3.5 for determination and transfer of E. coli from 
water to lettuce was repeated, but with only three portions of fresh-cut lettuce being 
washed, for the evaluation of the transfer and cross-contamination of E. coli O157 (Nal
R
, 
VT-) and MS2 phages. As such, in three independent experiments (experiment A, B and 
C), the standardized washing water of WB1 (4 L, 5 ± 2°C) was spiked respectively with 
4.8, 5.6 and 6.7 log CFU E. coli O157/100 ml and 4.0, 5.1 and 6.5 log PFU MS2/100 ml. 
The WB2 contained initially 3.2 L (product/water ratio starting at 0.05 kg/L) non-
inoculated potable water (5 ± 2°C). A single experiment involved the two phase washing 
of three subsequent portions of lettuce (200 g each) with the washing water of WB1 (10 ml 
sampled) and WB2 (34 ml sampled) and the fresh-cut lettuce being sampled after passing 
WB1 and WB2 as described in section 5.3.4. (or Figure 5.1.) and analyzed for the presence 
of respectively E. coli O157 and MS2 phages. This simulation was also repeated with 
MNV-1 as NoV surrogate virus in a single spiked concentration of 6.5 log PFU/ 100 ml in 
the standardized washing water in WB1. The pH of the two WBs were measured before the 
washing of each of the three portions of lettuce and was respectively 7.51 ± 0.14 and 7.88 
± 0.14 for WB1 and WB2. 
5.3.8. Bacterial analysis 
For E. coli and Nal
R
 E. coli O157 enumeration in lettuce, 10 g of lettuce was weighed in a 
stomacher bag and homogenized for 1 minute in 90 ml peptone water (Oxoid, UK). 
Tenfold dilution series were prepared in peptone physiological salt and enumerated using 
the pour plate method on RAPID’ E. coli 2/Agar (BioRad, France) and on Chromocult 
coliform-Nal+ agar (Merck) (Nal, 50 mg/ml) for respectively E. coli (AFNOR, 2004) and 
E. coli O157. Plates were incubated at 37°C for 18-24 h. Due to the expected low 
concentration, the enumeration of E. coli in water of the washing baths was analyzed 
according to ISO 9308-1 (i.e. membrane filtration) although the less selective terigtol 7 
media was replaced by Rapid’ E. coli 2 chromogenic media (Biorad, France) (Anonymous 
2000). The enumeration of Nal
R
 E. coli O157 in water was performed by means of tenfold 
dilution series in peptone physiological salt and the pour plate method with Chromocult 
coliform-Nal+ agar (Nal, 50 mg/ml) when high contamination levels were expected, and 
by membrane filtration method when low contamination levels were likely. Both media 
were incubated at 37°C for 18-24 h.  




5.3.9. Viral analysis 
The titer of the water of both WBs was directly determined by a double-layer plaque assay 
(Wobus et al., 2004) without a virus concentration step after storage at -80°C. For virus 
detection on lettuce samples (10 g), the viral elution-concentration method was used as 
described before in Chapter 4, although slightly modified (no pectinex in elution buffer and 
no chloroform/butanol purification step was included). The final virus concentrate (2 ml) 
was stored at -80°C for the detection of viruses. MS2 phages were detected according to 
ISO 10705-1 (Anonymous 1995) and MNV-1 was detected by plaque assay as described 
by Wobus et al. (2004). 
5.3.10. Data analysis 
SPSS statistics 20 and Microsoft Excel were used for statistical analysis. The Kolmogorov-
Smirnov test and Levene’s test were used to assess normality and equality of variance 
respectively. If normally distributed, the difference of the microbial load on the lettuce 
before and after WB1 was determined by a one sample t-test. A paired T-test was used to 
check the influence of WB2 or rinsing on the microbial quality of the lettuce. If normality 
or equality of variance could not be assumed, the Kruskal-Wallis (KW) test was used. 
Correlations between the contamination of the wash bath and the contamination of the 
lettuce were checked by means of a spearman rank correlation. p-Values < 0.05 were 
deemed statistically significant. 
The transfer ratio was calculated to quantify the cross-contamination of microorganisms 
from the inoculated WB1 to the lettuce. A transfer ratio of 100% means that the microbial 
contamination in WB1 (4 L) is fully transferred to the lettuce (200 g). Meaning that 1 g of 
lettuce would contain after washing in WB1 an equal amount of microorganisms as 
initially present in 20 ml of WB1. In reality, only a fraction of the microorganisms present 
in WB1 is transferred. This transfer ratio was calculated by dividing the mean 
contamination level of the lettuce (CFU/g) after WB1 by the inoculation level (CFU/100 
ml) divided by 5 and by eventually multiplying by 100. For example: if 5.0 log E. coli/100 
ml was available in the first washing bath, and 1.9 log E. coli/g was found on the produce, 
the product/ water transfer ratio can calculated by means of following formula: 
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5.4.1. Determination of cross-contamination from lettuce to water using E. 
coli as an indicator organism 
After washing a first 200 g portion of (artificially) contaminated lettuce (ca. 4.0 log E. 
coli/g) in two subsequent WBs (both initially filled with potable water without sanitizers), 
a rapid transfer and high E. coli levels in the washing water of both washing baths were 
observed: respectively ca. 4.0 and 3.5 log CFU E. coli/100 ml for WB1 and WB2 (Figure 
5.2.). After washing ten subsequent 200 g portions contaminated fresh-cut lettuce, the E. 
coli load in the washing waters increased up to 5.4 log CFU E. coli/100 ml for WB1 and 
4.9 log CFU E. coli/100 ml for WB2. For the (artificially) contaminated fresh-cut lettuce a 
mean significant reduction of 0.33 + 0.1 (P < 0.05, one sample t-test) log CFU E. coli/g 
was observed after passing the WB1. An additional reduction of 0.16 + 0.1 (P < 0.05, 
paired t-test) was observed after washing in WB2. 
a (washing bath 1 and 2) 
 
b (lettuce after washing bath 1 and 2) 
 
Figure 5.2. E. coli contamination of the water (log CFU/100 ml) of WB 1 (♦) and WB 2 (■) (a) 
and E. coli contamination of the (initial 4 log E. coli contaminated) fresh-cut lettuce portions 
(log CFU/g) after passing in WB 1 (♦) and WB 2 (■) (b) in function of the number of 200 g 
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5.4.2. Determination of cross-contamination from water to lettuce using E. 
coli as an indicator organism 
Washing fresh-cut lettuce (natural E. coli contamination <1 log CFU E. coli/g) in 
standardized washing water simulating prolonged used water without sanitizers in a fresh-
cut processing plant (Holvoet et al. 2012) resulted in cross-contamination from the 
washing water to the washed lettuce. In addition, a rapid increase in E. coli contamination 
of the (initial) potable water in the second washing bath (WB2) was established due to co-
transfer of 50 to 90 ml adhered washing water from the WB1 to the lettuce to the WB2. 
Even at the immediate start of the washing experiment, when the first 200 g portion of 
washed lettuce was transferred from WB1 to WB2, E. coli levels of respectively ca. 1.5, 
2.5 and 3.5 log CFU/100 ml were measured in the water of WB2 for the three separate 
inoculation experiments A, B and C (Figure 5.3.). During the continuation of the 
experiment, when subsequent (up to 10) 200 g lettuce portions were washed, the E. coli 
levels of the water of WB2 further increased with increasing amounts of lettuce having 
passed through the WB2.  
It can be noted from comparing the three inoculation experiments A, B and C that 
increasing of the initial E. coli inoculum level of the standardized washing water in WB1 is 
accompanied with a significant increase in E. coli contamination on the lettuce (P <0.01, 
KW) sampled after passing WB1. The contamination on the lettuce ranged from below 
detection limit (<1.0 log CFU/g) for experiment A (starting inoculum ca. 3.0 log CFU/100 
ml) up to 1.9 + 0.1 log CFU/g for experiment C (starting inoculum ca. 4.9 log CFU E. 
coli/100 ml) (Figure 5.3.). In case of experiment C, with established enumerable 
contamination of E. coli on the fresh-cut lettuce, a mean significant decrease (P <0.05, 
paired t-test) of 0.4 log CFU E. coli/g was observed on the fresh-cut lettuce portions after 
passing and submersion for 1 min in the washing water of WB2.  
Figure 5.4. shows the correlation between the E. coli contamination in the washing bath 
and the E. coli contamination on the washed batch of lettuce. When the wash water of the 
washing bath is contaminated with 3.6 + 0.1 log E. coli/100 ml the contamination on the 
lettuce is near to the detection limit for E. coli enumeration (1.0 + 0.3 CFU/g). An increase 
in E. coli contamination in the wash bath was accompanied with a linear increase in 
contamination on the lettuce reaching 3.3 + 0.1 log E. coli/g for a water contamination of 











Figure 5.3. E. coli contamination of the water (log CFU/100 ml) (a) and E. coli contamination of the (initial non-E. coli contaminated) fresh-cut lettuce portions (log 
CFU/g) (b) after passing in washing bath 1 (♦) and washing bath 2 (■) in function of the number of 200 g fresh-cut lettuce portions washed in both washing baths 
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Figure 5.4. Impact of the initial E. coli contamination of the water (log CFU E. coli/100 ml) in 
the washing baths (WB1 and WB2) on the resulting E. coli contamination level of the lettuce 
(log CFU E. coli/g) after passing the washing baths. 
 
5.4.3. Determination of the effect of a final rinsing step with potable water on 
residual E. coli contamination of fresh-cut lettuce 
The reduction of the E. coli load on the lettuce by rinsing after washing in the 
contaminated WB increased from 0.08 + 0.07 for a product/water ratio of 2.0 up to 0.21 + 
0.10 for a product/water ratio of 0.5 (Figure 5.5.). However, despite that the reduction was 
significant for all produce/water ratios (Paired t-test, P < 0.05), the microbial  relevance of 
a 0.2 log CFU/g reduction is negligible (FDA 2001). 
y = 0.83x - 2.0 




























Figure 5.5. E. coli levels (log CFU/g) on fresh-cut lettuce portions before (□) and after (■) 
rinsing (rinsing occurred with 400, 300, 200 and 100 ml of water per 200 g fresh-cut lettuce 
portion ). The fresh-cut lettuce portions were initially contaminated with E. coli by cross-
contamination via prior washing (submersion with 1 min manual stirring) in a 4 L water 
bath with contamination levels of respectively 4.1, 5.2, and 6.4 log CFU E. coli/100 ml. 
 
5.4.4. Determination of transfer and cross-contamination of E. coli O157, 
MS2 phage and MNV-1 from water to fresh-cut lettuce  
For the transfer experiment with E. coli O157, WB1 was spiked with an inoculum of 
respectively 4.8, 5.6 and 6.7 log CFU E. coli O157 (Nal
R
)/100 ml for three subsequent 
inoculation experiments A, B and C. The cross-contamination of the lettuce was significant 
related to the contamination of WB1 (Spearman rank Correlation coefficient 0.94, P 
<0.01). As such, the higher the inoculation level of WB1, the higher the cross-
contamination of the lettuce after passing WB1. This was also visible in Table 5.1. by 
means of the transfer ratio, as this transfer ratio maintained in the same order of magnitude 
for the different inoculation levels of WB1. The overall mean transfer ratio of E. coli O157 
from WB1 to the lettuce was 1.0% ± 0.3% over all inoculation experiments, resulting in a 
mean transfer of respectively 2.0 ± 0.4, 3.0 ± 0.1 and 3.9 ± 0.1 log CFU/ g lettuce for 
inoculation experiment A, B and C. After WB2, there is a significant decrease in 
contamination level of the lettuce (P < 0.01, paired t-test) compared to the contamination 
level of lettuce only washed in WB1. The mean reduction of contamination level of E. coli 




















inoculation experiments for E. coli O157. During each inoculation experiment, the 
contamination level of WB2 gradually increased during the washing of the three lettuce 
portions until a level approx. 0.9 ± 0.1 log lower compared to the contamination level in 
WB1. 
For the transfer experiment of MS2 phages from the wash water to the lettuce, the 
inoculum level of MS2 in WB1 was respectively 4.0, 5.1 and 6.5 log PFU/ 100 ml for 
experiment A, B and C. The overall mean transfer ratio of MS2 from WB1 to the lettuce 
was 0.5% ± 0.2% over all inoculation experiments, resulting in contamination of 
respectively 0.7 ± 0.4 log PFU/g, 2.1 ± 0.2 log PFU/g and 3.7 ± 0.1 log PFU/g lettuce for 
inoculation experiment A, B and C. Thus, the extent of the MS2 cross-contamination from 
WB1 to the lettuce was – similar to E. coli O157 – related to the contamination level of 
WB1 as an increase in contamination level of WB1 resulted in a higher cross-
contamination level to the lettuce. Further processing of the lettuce in WB2 significantly 
reduced (P <0.01, paired t-test) the MS2 contamination level of the lettuce in each portion 
with approx. 0.9 ± 0.3 log PFU in inoculation experiment B and C. Results from 
inoculation experiment A were not included as the microbial load of the lettuce after WB2 
was below the detection limit in two out of three portions. However, for inoculation 
experiment C, it is discernible that the effect of WB2 in reducing the microbial level of the 
processed lettuce portions, showed a slight downward trend as more consecutive portions 
of lettuce were processed and hence the contamination level of WB2 rose till its final level 
of approx. 0.7 log PFU/100 ml lower than the contamination level in WB1 (Table 5.1.). 
For MNV-1, the inoculation experiment involving a contamination level of WB1 of 6.5 log 
PFU/100 ml showed that the contamination level of WB2 approached the contamination 
level of WB1 up to a level of approx. 1.4 log PFU/100 ml. The mean transfer ratio of 
MNV-1 from WB1 to the lettuce was 0.5% ± 0.1% resulting in a mean contamination level 
of 3.4 ± 0.1 log PFU/g lettuce after WB1. Noteworthy, a significant reduction of approx. 







Table 5.1. E. coli, E. coli O157, MS2, and MNV-1 on lettuce leaves and in processing water 















Log CFU or 
PFU/100ml 
in WB2 (Δa) 
Log CFU or PFU/g 
on lettuce after 
WB2 (Δb) 
E. coli A 0 2.9 <1 <0 <1 
  1 2.9 <1 1.6 (1.3) <1 
  2 2.9 <1 1.9 (1.0) <1 
  3 2.9 <1 2.1 (0.8) <1 
  10 2.9 <1 2.3 (0.6) <1 
 B 0 4.0 <1 <0 <1 
  1 3.9 1.0±0.2 (0.7%) 2.4 (1.5) <1 
  2 3.9 1.1±0.2 (0.8%) 2.8 (1.1) <1 
  3 3.9 1.0±0.2 (0.7%) 2.9 (1.0) <1 
  10 3.9 1.2±0.2 (0.9%) 3.2 (0.7) 1.1±0.1 (0.1±0.1) 
 C 0 5.0 <1 <0 <1 
  1 4.9 1.9±0.2 (0.5%) 3.5 (1.4) 1.3±0.2 (0.6±0.2) 
  2 4.9 1.9±0.2 (0.5%) 3.7 (1.2) 1.4±0.1 (0.5±0.2) 
  3 5.0 1.9±0.2 (0.5%) 3.9 (1.1) 1.3±0.3 (0.6±0.1) 
  10 4.9 2.0±0.1 (0.6%) 4.4 (0.5) 1.7±0.1 (0.3±0.1) 
E. coli  A 0 4.9 ND <0 ND 
O157  1 4.9 2.2* (1.1%) 3.4 (1.5) 1.0±0.0 (0.6±0.8) 
  2 4.8 1.9±0.0 (0.6%) 3.5 (1.3) 1.0* (0.9±0.0) 
  3 4.7 2.0±0.0 (0.8%) 3.8 (0.9) <1 
 B 0 5.5 ND <0 ND 
  1 5.6 3.1±0.1 (1.5%) 4.2 (1.4) 1.8±0.2 (1.3±0.2) 
  2 5.7 3.0±0.1 (1.1%) 4.5 (1.2) 2.0±0.1 (1.0±0.1) 
  3 5.6 2.9±0.0 (1.0%) 4.6 (1.0) 2.1±0.2 (0.8±0.2) 
 C 0 6.6 ND <0 ND 
  1 6.7 4.0±0.1 (0.9%) 5.2 (1.5) 2.9±0.0 (1.1±0.1) 
  2 6.8 3.9±0.1 (0.8%) 5.5 (1.3) 3.0±0.1 (0.9±0.1) 
  3 6.7 3.9±0.1 (0.8%) 5.9 (0.8) 3.2±0.1 (0.7±0.1) 
MS2  A 0 4.1 ND <2 ND 
phage  1 3.9 1.8* (0.3%) 2.0 (1.9) <0.3 
  2 3.9 0.7±0.5 (0.3%) 2.8 (1.1) <0.3 
  3 4.0 0.7±0.5 (0.3%) 3.0 (1.0) 0.3±0.0 (0.4±0.5) 
 B 0 5.1 ND <2 ND 
  1 5.1 2.0±0.1 (0.4%) 3.3 (1.8) 1.1±0.1 (0.9±0.1) 
  2 5.1 2.0±0.0 (0.4%) 3.7 (1.4) 1.1±0.5 (0.9±0.5) 
  3 5.2 2.3±0.0 (0.7%) 3.9 (1.3) 1.3±0.4 (1.0±0.4) 
 C 0 6.6 ND <2 ND 
  1 6.6 3.8±0.0 (0.9%) 5.2 (1.4) 2.4±0.1 (1.4±0.1) 
  2 6.5 3.6±0.0 (0.6%) 5.4 (1.0) 2.8±0.2 (0.8±0.2) 
  3 6.4 3.7±0.1 (0.8%) 5.7 (0.7) 3.1±0.0 (0.6±0.1) 
MNV-1 A 0 6.4 ND <2.3 ND 
  1 6.4 3.5±0.0 (0.5%) 4.7 (1.7) 2.0±0.0 (1.5±0.0) 
  2 6.5 3.4±0.0 (0.5%) 4.8 (1.7) 2.1±0.1 (1.3±0.1) 
  3 6.5 3.3±0.0 (0.4%) 5.1 (1.4) 2.0±0.2 (1.3±0.2) 
‘a’
: difference (Δ) in log units/100 ml between the contamination level of WB1 and WB2 
‘b’
: the reduction (Δ) in log units/g lettuce of the contamination level of the lettuce after washing in WB2 
compared to lettuce only washed in WB1. 
Detection limit of E. coli, E. coli O157, MS2, and MNV-1 in water is respectively 0 log CFU/100 ml, 0 log 
CFU/100ml, 2.0 log PFU/100 ml, and 2.3 log PFU/100 ml water; in lettuce the detection limit is respectively 
1 log CFU/g lettuce, 1 log CFU/g lettuce, 0.3 log PFU/g lettuce and 0.3 log PFU/g lettuce. 
ND: not determined 
‘*’: one of both duplicates had a concentration below detection limit in lettuce. In this case only the 
concentration of the positive sample was mentioned and used for calculations. 





In the study, a fresh-cut lettuce washing process was simulated through a dynamic process 
using two washing steps. The microbial load of both wash water and lettuce were 
measured after each portion was washed. This study distinguishes itself from previous 
studies by the measurement of the microbial load of both water and produce, the absence 
of sanitizers in the washing baths, and the implication of both bacteria and viruses in a 
dynamic two-step wash process (Allende et al. 2008; Baert et al. 2008c; Croci et al. 2002; 
Lopez-Galvez et al. 2010b; Luo 2007; Luo et al. 2011). 
In general, washing systems for any fresh-cut vegetable processing consist of two or three 
separate washing stages (FSAI 2001). The first WB aims to eliminate general field dirt and 
debris. Consequently, the organic and microbial load of this washing water may increase 
rapidly. The purpose of the subsequent WB includes the reduction of the microbial load 
from the lettuce leaves. The aim of this research was to provide more quantitative 
information about the bacteriological and viral transfer from water in these WBs to lettuce 
and vice versa during a washing process in order to gain insight into a proper water 
management in the case study when sanitizers are not used either voluntarily or prohibited 
under national legislation (Artes et al. 2009; Rico et al. 2007). Furthermore, these data may 
gain insights useful for future risk assessment and management (Danyluk and Schaffner 
2011). In this study the microbial load was represented and monitored by inoculation and 
enumeration of hygiene indicator E. coli, the pathogen E. coli O157, and MS2 
bacteriophage and MNV-1 as surrogates for human NoV.  
The numbers of E. coli on unprocessed lettuce may vary from below the detection limit 
(<10 CFU/g) to approximately 4 log CFU/g (Arthur et al. 2007; Aycicek et al. 2006; 
Boraychuk et al. 2009; Mukherjee et al. 2006) with E. coli levels >100/g indicated overall 
as marginal quality and of >1000/g as unacceptable quality (EC Regulation 2073/2005, 
2005) (Anonymous 2005). Overall, due to a low infectious dose of both pathogenic E. coli 
and norovirus the absence of these pathogens per 25 gram should be warranted. For NoV, 
most contamination levels that have been found on leafy greens range from 0 to 3 log 
genomic copies/g leafy greens (Baert et al. 2011; Kokkinos et al. 2012). The microbial 
load in the washing water of the first washing bath used in fresh-cut processing is 
predominantly affected by the initial microbial quality of the crops upon arrival from the 
field at the processing factory (Allende et al. 2008). In the present study it was shown that 
if highly contaminated (4 log E. coli CFU/g lettuce) lettuce crops were submitted to the 
washing baths, a rapid cross-contamination from the fresh-cut lettuce to the washing water 
of the WBs occurred. Several studies have investigated viral transfer to washing water 





latter study, washing of 50 g of viral contaminated iceberg lettuce (inoculums: approx. 6.7 
log PFU MNV-1) for 5 min in 500 ml (product/water ratio of 0.1 kg/L) of tap water 
resulted in a viral contamination level of 3.73 ± 0.06 log PFU/ml of wash water. 
Notwithstanding the artificial contamination and thus probably less adherent (or 
internalized) bacterial cells being present, the mean decrease of the E. coli load on the 
lettuce after washing in the two WBs was only 0.5 log CFU/g which is lower than the 1 to 
2 log reductions mentioned in other publications (Lopez-Galvez et al. 2010b; Ragaert et al. 
2010). Potable water is able to remove microorganisms to some degree, the process can be 
slightly enhanced by the use of sanitizers for disinfection (Beuchat 1998; Van Haute et al. 
2013a). Water in both WBs can become microbiologically contaminated depending on the 
quality of the incoming fresh produce from the field.  
Moreover, once the washing water is contaminated with E. coli, and in the absence of 
sanitizers, there is opportunity for further spread and cross-contamination of the microbial 
load from the washing water to the subsequent fresh-cut lettuce portions subjected to the 
washing process. Contamination levels exceeding 4 and 3 log E. coli/100 ml washing 
water for respectively WB1 and WB2 resulted in elevated levels of E. coli on the washed 
fresh-cut lettuce, even after the processing of only one portion of lettuce (200 g lettuce in 4 
L washing water, a product/water ratio of 0.5 kg/L). Concentrations higher than 5 log E. 
coli/100 ml resulted in levels exceeding 2 log E. coli CFU/g of lettuce. The results 
obtained by these experiments are supported by the real life study of Holvoet et al. (2012) 
who observed E. coli levels higher than 2 log CFU/g on processed lettuce when 
concentrations of 5 log CFU/100 ml were observed in the wash water of a fresh-cut lettuce 
plant in operation. In the same field study it was also observed that concentrations 
exceeding 4 and 3 log E. coli/100 ml resulted in elevated E. coli levels on the processed 
lettuce. However, lower concentrations in the water does not imply the absence of E. coli 
on the lettuce as no enrichments were conducted in the study. Similar contamination results 
were obtained for E. coli O157. Regardless of the inoculation level of the water in WB1, a 
rapid increase of the E. coli/E. coli O157 loads in WB2 was also observed in the presented 
study. This latter can be explained by the transfer of drain water attached to the lettuce 
during transfer from the first to the second WB. After a rapid initial increase, the 
contamination of WB2 further augmented during the washing process to approximately 1 
to 0.5 log below the inoculation level of WB1 after processing of respectively 0.6 kg or 2 
kg of lettuce. A similar trend in transfer between both washing baths was observed for the 
viruses. 
Besides the cross-contamination between the WBs, the non-contaminated incoming lettuce 
was contaminated via the inoculated WB1 as well. The degree of contamination of the 




lettuce depended on the inoculation level and increased at higher contamination levels of 
WB1. This means that, if no sanitizers are allowed, a highly concentrated point 
contamination with E. coli (e.g. bird feces attached to a crop of lettuce) or viruses (from 
human feces) is able to introduce E. coli or other pathogens in the processing water. 
Through analysis of the transfer ratios it became also clear that only a very small fraction 
of the micro-organisms (≤1.5%) was transferred from the water phase to the lettuce and 
this as well for bacteria as for viruses. Even though this transfer ratio is low, point 
contaminations with E. coli or viruses on the fresh produce can easily result in high 
contamination levels in the subsequent WBs and hence in a high level of cross-
contamination to the washed lettuce. For example for E. coli this implicates that (assuming 
that 1 g of bird feces contains ca. 8 log CFU E. coli/g (Anderson et al. 1997; Fogarty et al. 
2003; Haack et al. 2003; Roll and Fujioka 1997), 1 g of bird feces attached to the crop(s) of 
lettuce subject to washing in a water tank of approximately 500 liter water is able to 
contaminate the potable water in the washing bath up to more than 4 log CFU of E. 
coli/100 ml and can thus contaminate the whole lettuce batch. NoVs can be present in 
human feces in high concentrations up to 6 x 10
10
 genomic copies/g of stool (Richards et 
al. 2004) and can be transferred to the lettuce at a pre-harvest stage (e.g. due to 
contaminated irrigation water) or during harvesting because of unhygienic practices 
(Seymour and Appleton 2001). Due to a combination of high level fecal shedding, high 
virus stability and low infectious dose, viruses are identified justly as one of the hazards 
concerning leafy green vegetables (FAO/WHO 2008a). 
The use of an additional washing step or rinsing step (with potable water) after the initial 
washing process did not provide any relevant microbial reduction of established bacterial 
or viral concentration of the washed fresh-cut lettuce. The ability to attach strongly to the 
leaf epidermis even after only a one minute dip in a washing tank, was observed for E. coli 
in previous studies (López-Gálvez et al. 2010; Shaw et al. 2008). Remark that even 
between different strains of a pathogen differences can occur related to attachment 
characteristics as was demonstrated for the attachment of ‘curli producing’ and ‘non-curli 
producing’ strains of E. coli O157 to fresh produce (curli fimbriae is a component of 
extracellular matrix of E. coli, promoting bacterial attachment) (Boyer 2006; Patel et al. 
2011). However despite these possible variability in attachment characteristics that hence 
could possibly influence the transfer rates calculated in this study, the present study does 
provide fundamental evidence concerning the potential for cross-contamination in washing 
baths and provides baseline transmission data for further risk assessment that include the 
potential danger of cross-contamination during the washing process in absence of 
appropriate sanitizers. Besides the bacterial-surface structures that play a role in the 





food-specific ligands), food (surface) factors (e.g. presence of virus-specific ligands, access 
to food interior) and extrinsic factors (e.g. pH and presence of substances competing for 
binding) (Le Guyader and Atmar 2008) play a role in viral attachment/adsorption to (food) 
surfaces. The interaction of pathogens with produce surfaces can consists of a physical 
entrapment below the surface in stomata and cut edges (Esseili et al. 2012a; Seo and Frank 
1999; Solomon and Matthews 2006; Wei et al. 2010). The latter, could create protective 
shelters, making washing ineffective (Seo and Frank 1999; Singh et al. 2002). Concerning 
the virus/food specific binding it was also shown in an experiment performed by Esseili et 
al. (2012a) that virus-like particles (VLPs) of humane NoV GII.4 can specifically bind to 
lettuce plant leaves mainly through the carbohydrates of the cell wall next to minor binding 
to cell wall proteins. Virus adsorption/binding to lettuce has been found to vary depending 
on the viral strain (Vega et al. 2005) and type of lettuce (Gandhi et al. 2010). As such, the 
reducing effect of a second phase washing in WB2 on the level of viral and bacterial 
contamination on the lettuce was irrelevant suggesting that the main priority should be to 
avoid cross-contamination and distribution of micro-organisms during the washing process 
knowing that the adherence is likely higher on injured surfaces (cut) than not injured 
surfaces (Esseili et al. 2012a; Han et al. 2000a; Takeuchi et al. 2000) and even more 
difficult to remove (Baert et al. 2009a; Han et al. 2000b; Keskinen and Annous 2011). 
These results emphasize the vulnerability of a washing process for microbial 
contamination when no sanitizers are used. The use of merely potable water for washing 
soiled or contaminated crops as a prerequisite is not adequate from a food safety 
perspective. Currently, the fresh produce companies in some European countries where 
sanitizers are prohibited rely mostly on the initial microbial quality of the crops upon 
arrival from the field and excessive amounts of potable water (Olmez and Kretzschmar 
2009). However, these results suggest that a systematic refilling of the water in WB2 
provides little benefit to maintain potable water quality if the first WB is contaminated and 
will act as a vehicle for transmission of microorganisms from contaminated water to 
lettuce. This is confirmed by other studies showing that the risk of cross-contamination is 
not removed by using large quantities of water (Holvoet et al. 2012; López-Gálvez et al. 
2009). Considering the sustainable use of water, the use of excessive amounts of water for 
washing of fresh produce should be avoided as availability of potable water is restricted 
and costly in many areas of the world (Menzel and Matovelle 2010; Parish et al. 2012).  
To limit the water use and tackle the risks of cross-contamination, a disinfectant agent even 
at low concentrations for maintaining acceptable water quality could be considered 
(López-Gálvez et al. 2010; Van Haute et al. 2013a). The main effect of sanitizing 
treatments for washing fresh-cut produce is indeed aimed at reducing and controlling the 




microbial load of the water used in fresh-cut processing and thus prevent the transfer of 
micro-organisms (including E. coli, enteric pathogens and viruses) from contaminating the 
fresh-cut end product rather than having a decontamination or preservative effect on the 
produce itself (Baert et al. 2009b; Gil et al. 2009; Van Haute et al. 2013a; Zhang et al. 
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6. LESSONS LEARNED FROM MICROBIAL RISK ASSESSMENT 
RELATED TO USE OF WATER AND SAFETY OF FRESH 
PRODUCE 
6.1. ABSTRACT 
In order to further grasp the current knowledge on water as a transmission route for viral 
pathogens, a review was performed in this Chapter on the available quantitative microbial 
risk assessment studies in peer-reviewed literature that included the modeling of effect of 
water use (e.g. influence of irrigation water and/or washing step) or water treatment on the 
quality of fresh produce in at least one stage of the farm-to-fork supply chain. This review 
was not limited to the risk implied by the presence of viral pathogens, since also 
pathogenic bacteria, parasitic protozoa and helminths were included. This to have a better 
idea on the modeling strategies generally applied in quantitative microbial risk assessments 
(QMRA), and hence the current knowledge, for the transfer of pathogens in water to fresh 
produce. 
Risk assessment related to use of water and safety of fresh produce orient from both water 
and food microbiology studies. Although the set-up and methodology of risk assessment in 
these two disciplines may differ, analysis of the current literature reveals some common 
outcomes. Most of these studies from water perspective focus on enteric virus risks, largely 
because of their anticipated high concentrations in untreated wastewater and their 
recalcitrance to common wastewater treatments. Risk assessment studies from the food 
perspective rather focus on bacterial pathogens such as Salmonella and pathogenic E. coli. 
Few site-specific data points were available for most of these microbial risk assessments, 
meaning that many assumptions were necessary which are retaken in many studies. 
Specific parameters lacking hard data included rates of pathogen transfer from irrigation 
water to crops, pathogen penetration, and survival in or on food crops. Data on these 
factors have been investigated over the last decade and this should improve the reliability 
of future microbial risk estimates. However, the sheer number of different foodstuffs and 
pathogens, combined with water sources and irrigation practices, means that developing 
risk models that can span the breadth of fresh produce safety will be a considerable 
challenge. The new approach using microbial risk assessment is objective and evidence-
based and leads to more flexibility and enables more tailored risk management practices 
and guidelines. Drawbacks are however capacity and knowledge to perform the microbial 






Fecal contaminated irrigation water has been implicated as either a possible source, or a 
likely source of pathogen contamination of fresh, raw consumed fruits and vegetables (e.g. 
Ensink et al. 2007; Leifert et al. 2008; Okafo et al. 2003; Thurston-Enriquez et al. 2002). 
This can lead to foodborne illness and widespread outbreaks. Water used for irrigation may 
originate from multiple sources and include rain water, ground water, surface water, 
(treated) wastewater or even desalinated seawater. The availability of water sources for 
irrigation is under increasing pressure. Reconditioned waste or surface water are two 
abundant sources with potential to replace untreated ground or rain water. Application of 
alternative water sources may result in an elevated probability of the presence of pathogens 
and increases the pressure on governing water quality (WHO 2006). Guidelines or even 
criteria on the quality of water applied for irrigation in fresh produce production are set by 
some countries or individual states e.g. Canada (Steele and Odumeru 2004), Spain (Iglesias 
et al. 2004), California (USA) (California Code of Regulations, Title 22, Division 4, 
Chapter 3)). Most guidelines are empirically derived fixed microbial standards focusing on 
defined indicator organisms or pathogens. Risk assessment strategies to underpin 
management of health risks are evidence-based and may also be helpful providing 
flexibility in setting guidelines for specific situations. In recognition of this, WHO has 
replaced the original approach of water quality testing for fecal coliforms to evaluate 
compliance with a guideline of <1000 fecal coliforms per 100 mL (Blumenthal and Peasey 
2002) by a risk assessment/risk management based approach with more flexible guidelines. 
This new approach is based on attributable risks and disability-adjusted life years clarified 
in the WHO guidelines for use of wastewater in agriculture (WHO 2006). These guidelines 
provide the framework for national and local decision making to manage the health risk 
from hazards associated with (treated) wastewater or other alternative sources of water use 
in agriculture. A similar approach was used in establishing Australian guidelines for water 
recycling (NRMMC-EPHC-AHMC 2006; O'Toole et al. 2010). 
Aside from irrigation water, washing of produce at harvest, during further processing or 
during preparation may also function as a means of foodborne pathogen contamination of 
produce (Gil et al. 2009; Chapter 5). In postharvest practice, both the prevention of cross-
contamination during the washing process by applying sanitizers, and the reconditioning of 
spent water for subsequent reuse, have been extensively studied (Van Haute et al. 2013a 
and 2013b; Lopez-Galvez et al. 2009). However, if occasional contamination does occur, 
even with adequately operated and monitored washing procedures, microbial 
concentrations are reduced by only 1 to 2 log units at best (Beuchat 1998). The inclusion of 
a washing step can therefore result in an increase or decrease on the occurrence of 
contaminated crops or fresh-cut produce, but its efficacy will depend upon initial pathogen 




load as well as the ability to maintain the washing water quality being used during 
processing and preparation.  
The selection of water source, water treatment, and water quality for use throughout the 
fresh produce supply chain must consider a wide variety of crops, production practices and 
consumption patterns. Therefore, a flexible approach must be applied in setting 
microbiological guidelines or criteria for types and uses of water. The principal aim of 
Microbial Risk Assessment (MRA) is to support risk management by providing an 
objective, transparent, evidence-based assessment of the health risk of (different) exposure 
pathways/scenarios. In the case of water use in fresh produce primary production, risk 
assessment crosses two scientific disciplines, those being environmental (water) science 
and food science. Although epidemiological studies (observing exposed and non-exposed 
populations) may also be used to assess risk, and some of these have been carried out to 
assess risks associated with drinking water, they are costly and the logistics, limited 
sensitivity in measuring disease, and specific populations being studied mean that 
quantitative MRAs are often preferred. 
The first MRAs for water use in fresh produce production were initiated by risk assessors 
with a ‘water’-background that investigated the contaminated fresh produce as one 
possible exposure pathway for microbial contaminated reclaimed water (e.g. in Asano et 
al. 1992; Tanaka et al. 1998). The focus of these initial MRA studies was treatment of 
waste water and irrigation practices at the farm level. Gradually studies became available 
that focused on other parts of the fresh produce supply chain, including washing and 
cutting of fresh produce (e.g. Carrasco et al. 2010; Rodriguez et al. 2011) and integrating 
the role of consumer preparation (e.g. Domenech et al. 2013). These latter MRAs were 
executed by risk assessors with a background in food science. As both scientific disciplines 
have a different perspective and developed their own approach towards MRA, cross-
pollination between different disciplines is recommended to expand expertise and promote 
collaborative understanding (O’Toole et al. 2014). The aim of the present study is to 
review environmental and food science MRA studies on water and safety of fresh produce 
to develop a holistic assessment from source water in the farm-to-fork chain where water is 
included as potential vehicle for foodborne pathogens. 
During the review specific consideration is given to production (e.g. irrigation water) or 
microbial removal strategies (e.g. washing). The selected quantitative MRAs (QMRA) 
were further analyzed in-depth to: (1) obtain insights in overall approaches used during 
QMRA modeling; (2) identify investigated mitigation strategies by scenario analysis; (3) 
summarize assumptions made and surrogate data; (4) identify recurring data gaps; and (5) 





protection targets. Finally, lessons learnt and recommendations for future risk assessment 
studies are defined.  
6.3. MATERIALS AND METHODS 
6.3.1. Screening of peer reviewed literature and collection of QMRA 
publications 
Relevant publications from peer reviewed literature were selected on the basis of the 
following criteria: (i) a quantitative risk assessment or exposure model calculating the 
likelihood of infection, illness or presence of (ii) a defined microbial foodborne pathogen 
(bacteria, viruses, protozoa, or helminths) (iii) through the consumption of fresh produce or 
occurrence on fresh produce, and (iv) which included the modeling of effect of water use 
or water treatment on the quality of fresh produce in at least one stage of the farm-to-fork 
supply chain. Water could have a role in the transmission of the foodborne pathogen to 
fresh produce during irrigation with contaminated water or during the post-harvest washing 
process (in fresh-cut processing) or salad preparation. QMRA articles were identified by 
searching Web of Science
TM
 Core Collection and further search by screening the reference 
list of identified relevant QMRA articles. Studies that were not selected included one in 
which a QMRA was done based on use of urine as irrigation water (Hoglund et al. 2002), 
and one that failed to give specific detail on how the risk calculation was performed (e.g. 
Aiello et al. 2013). Other QMRAs dealing with the safety of fresh produce but that did not 
include water in any step of the model (e.g. Franz et al. 2010; Verhaelen et al. 2013a) were 
also excluded. The collection of publications ended in December 2013. 
6.3.2. Classification of selected QMRA publications 
In total forty one QMRA studies were selected (Table 6.1.). Studies were classified 
according to the target pathogen(s) under investigation, which could be either a foodborne 
virus, parasitic protozoon, bacterium or helminth. A sub-classification was made to 
describe in which part of the farm-to-fork continuum (production, packing/processing 
including distribution, consumer home) the impact of water was considered. In case 
irrigation water was included, it was notified if the study also included the effect of prior 
water treatment on irrigation water quality. Studies were also sub-classified according to 
the background/perspective of the risk assessment team. This was done by searching in the 
affiliations of the authors with the terms ‘water’, ‘environmental’, ‘food’ and ‘agriculture’. 
When ‘water’ or ‘environmental’ was present for one or more of the name(s), the article 
was classified as written from a ‘water-perspective’. When ‘food’ or ‘agriculture’ was 
present, the article was classified as written from a ‘food’ perspective. When the author 




names included terms from both groups, the article was classified as written from a ‘water 
and food perspective’. A final sub-classification for the studies was made based on the type 
of QMRA that was performed: deterministic or stochastic risk assessment.  
6.3.3. In-depth analysis of selected QMRA publications 
The selected QMRAs were analyzed in-depth to summarize the overall approaches taken in 
modeling, and the use of assumptions and surrogate data in an effort to identify recurring 
data gaps. Such data gaps, assumptions, and surrogate data dealt with issues such as: (1) 
pathogen contamination prevalence data; (2) transfer rates for pathogens from water to 
produce; (3) behavior (growth, survival, inactivation, removal) of microorganisms in the 
environment and produce; (4) consumer behavior and consumption patterns; and (5) dose-
response information. The diversity in risk end-point and characterization/benchmarking, 
such as the use of a tolerable or acceptable risk level, are also identified and discussed.  
Results on the outcomes of the QMRA studies are discussed in a second part of this 
review. This includes the major lessons learned about the intervention strategies or control 
measures that were investigated relative to water use in the fresh produce supply chain. 




Table 6.1. Classification of the selected QMRA studies according to the target pathogen, the part in the farm-to-fork chain in which the effect of 








































































































































































































































Asano et al. 1992     X          X X   X  X  
Shuval et al. 1997  X X             X  X* X  X  
Tanaka et al. 1998     X          X X   X   X 
van Ginneken and Oron 
2000 
    X          X X   X   X 
Petterson and Ashbolt 2001     X           X   X   X 
Petterson et al. 2001a; 
Petterson et al. 2002 
   X            X   X   X 
Stine et al. 2005b   X         X    X   X X X  
Hamilton et al. 2006a     X           X   X   X 
Hamilton et al. 2006b     X           X   X   X 
NRMMC-EPHC-AHMC 
2006; O'Toole et al. 2010 
 X
a
     X  X       X   X  X  
Mara et al. 2007  X     X  X       X   X   X 
Bastos et al. 2008  X    X X  X       X   X  X  
Diallo et al. 2008      X X    X     X   X   X 
Seidu et al. 2008  X            X  X X  X   X 
Finley et al. 2009             X   X   X  X  
Pathogen under study 
The step in which the effect of water was modeled 




Mota et al. 2009      X X         X    X X  
Navarro et al. 2009              X    X X  X  
Al-Juaidi et al. 2010     X           X   X   X 
Barker-Reid et al. 2010     X           X
d
   X   X 
Carrasco et al. 2010          X       X   X  X 
Forslund et al. 2010  X              X   X X  X 
Mara and Sleigh 2010a              X  X   X   X 
Mara and Sleigh 2010b X               X   X   X 
Munoz et al. 2010    X            X   X  X  
Oron et al. 2010  X             X X   X   X 
Ayuso-Gabella et al. 2011  X     X  X      X X  X X   X 
Danyluk and Schaffner 2011           X      X   X  X 
Drechsel and Seidu 2011  X     X     X   X X X  X   X 
Navarro and Jimenez 2011              X  X  X X  X  
Ottoson et al. 2011           X     X  X  X  X 
Rodriguez et al. 2011           X      X   X  X 
Stine et al. 2011   X         X    X
b
   X X X  
Ferrer et al. 2012      X  X        X   X   X 
Forslund et al. 2012  X              X   X X  X 
Barker et al. 2013 X               X
d
  X X X  X 
Ding et al. 2013          X        X  X  X 
Domenech et al. 2013          X        X  X  X 
Lim and Jiang 2013      X      X    X
d
   X   X 
Pavione et al. 2013  X     X  X       X  X* X   X 
Puerta-Gomez et al. 2013            X     X   X  X 
Seidu et al. 2013           X   X  X   X  X  
Studies marked in green include specifically leafy greens as one of the crop types under study, none of the studies focused on berries. 
‘*’: indicates that the removal effect of the washing was included in a joint removal factor with e.g. post-harvest survival. 
‘a’: used as reference pathogen for viral hazards an amalgam of RV data (dose-response including susceptibility fraction, DALY per case) and AdV data (occurrence).   
‘b’: not the effect of contaminated irrigation water but effect of contaminated pesticide spray water was investigated on contamination level of fresh produce. 
‘c’: Under pathogen category ‘pathogenic E. coli’ in all cases but one E. coli O157 was the target organism, only in Diallo et al. (2008) the pathogenic E. coli under study was 
‘diarrhea causing E. coli’. 
‘d’
: The QMRA is undertaken partially (as a scenario) for home produced vegetables (e.g. Barker-Reid et al. 2010) or performed only for home produced vegetables (e.g. 





6.4. RESULTS AND DISCUSSION 
6.4.1. Food Science versus Water Microbiology: a different perspective 
In total forty-one QMRA studies were identified for further characterization. The majority 
of these contained at least one stochastic variable (29/41), only twelve models were 
deterministic. Most QMRA studies were elaborated by a ‘Water/Environmental-group’ 
(Water perspective) (28/41), eight studies were conducted from a ‘Food/Agriculture-group’ 
(Food perspective), and five studies were done by combined research groups representing 
both Water Microbiology and Food Science. This is not surprising as risk assessment for 
water safety or wastewater reclamation has a much longer tradition compared to risk 
assessment for the food sector. Earlier QMRA studies considered consumption of food 
crops only as one of several possible exposure scenarios of (treated) wastewater, and the 
effect and efficiency of wastewater treatment was the main objective of those studies (e.g. 
in Asano et al. (1992), Tanaka et al. (1998), van Ginneken and Oron (2000)).  
6.4.1.1.  Variation in focus on the stage in the farm-to-fork model under 
consideration 
For those studies written from a Water perspective (28/41), all included the Farm level as a 
part of the ‘farm-to-fork model’; six studies included Wastewater treatment, six included 
the Consumer level and only two included the Processing level of fresh-cut produce, 
although the processing step was not an industrial process but a washing step conducted by 
street food venders (Seidu et al. 2008, Drechsel and Seidu 2011). Studies published by 
research groups with a Food perspective date back to only 2005 (Stine et al. 2005b). In the 
farm-to-fork continuum, most of these studies included Farm level (8/13), but compared to 
QMRAs performed by research groups with a Water background, the role of 
Packing/Processing (5/13) and the Consumer (8/13) were more often incorporated and 
water treatment was not included (0/13). 
6.4.1.2. Variation in focus of target pathogen under consideration  
The papers dealt with a wide range of pathogenic bacteria (e.g. E. coli O157:H7, 
Salmonella spp., Listeria monocytogenes and Campylobacter spp.), viruses (e.g. human 
enteric viruses, enterovirus, hepatitis A virus, norovirus and rotavirus), parasitic protozoa 
(e.g. Cryptosporidium spp., Giardia spp. and Entamoeba histolytica) and helminths (e.g. 
Ascaris lumbricoides). Articles written from a Water perspective tended to focus on human 
enteric viruses (20/28). It appeared that the choice of these pathogens was not driven by 
data availability but rather because enteric viruses are known to be highly infective, are 
often found in high concentrations in secondary effluent, are relatively persistent in the 




environment, and are believed to be responsible for the majority of waterborne infections 
in developed countries such as the United States (Hamilton et al. 2006). Five of these 
QMRA studies elaborated from the Water perspective use so-called ‘reference pathogens’. 
These are selected pathogens, the control of which is stringent enough to be considered 
adequate to control other pathogen classifications to a similar or greater extent. This 
concept was introduced by the World Health Organization (WHO) to aid in setting 
guidelines for wastewater reuse and water treatment requirements (Gibney et al. 2013). 
Typical reference pathogens are Campylobacter spp. (or Salmonella spp. (Drechsel and 
Seidu 2011)), rotaviruses (and adenovirus (NRMMC-EPHC-AHMC 2006)), and 
Cryptosporidium to model risks for bacteria, viruses, and parasitic protozoa and helminths, 
respectively. When QMRAs were performed for different classes of pathogens (e.g. 
viruses, bacteria, protozoa), the viruses most commonly presented the highest risk of 
infection (e.g. in Mara et al. 2007; Pavione et al. 2013; Bastos et al. 2008). All five QMRA 
studies focusing on Ascaris lumbricoides were also performed from a Water perspective. 
Studies from a Food or combined Food and Water perspective mostly focused on specific 
enteric foodborne pathogens such as E. coli O157:H7 (n=3/13), Salmonella (n=3/13) and 
Listeria monocytogenes (n=3/13). Although also viruses (n=5/13) such as hepatitis A, 
norovirus, and rotavirus, and parasitic protozoa (n=1/13) (Cryptosporidium and Giardia) 
were included as target pathogens. 
6.4.1.3. Variation in focus on food crop under consideration  
More than half of the forty one publications were QMRA studies concerning leafy 
vegetables such as salad crops, lettuce (salads) or spinach. Other commodities included 
bell peppers, cucumber, broccoli, cabbage, onion, kale, carrots, tomatoes, potato and 
cantaloupe. Leafy greens are prone to contamination with pathogens as they have large 
surface area (hence, greater pathogen attachment sites), are grown in close proximity to the 
soil, irrigated intensively and are mainly consumed raw (Melloul et al., 2001; Vega et al., 
2005). Among fresh fruits and vegetables, leafy green vegetables and fresh herbs were 
perceived as of greatest concern in terms of microbiological hazards and received the 
highest priority in a joint expert meeting of FAO and WHO (FAO/WHO 2008c). This 
study and others (e.g. Chen et al. 2013; EFSA BIOHAZ Panel 2012b) are based on 
qualitative ranking of certain parameters by experts, are hence no QMRA studies and are 
therefore not uptaken in this review. However, they can be of interest for risk managers to 





6.4.2. Modeling strategies, use of assumption and surrogate data, recurring 
data gaps  
(Quantitative) risk assessment studies have to be fit for intended purpose and demand a 
combination of data collection, mathematical modelling or calculations and expert insights 
and interpretations. Depending on the required objective and nature of available 
information, each assessment will result in a particular strategy or approach. So, though 
there is guidance on good QMRA practice, it is impossible to set a ‘gold standard’ for 
these types of studies (CAC 1999, 2007a,b). Risk assessments are data intensive and 
require data on a specific (usually national) context. Thus risk assessors are often 
confronted with lack of information and need to use surrogate data or assumptions. In the 
frame of the present manuscript the term ‘assumption’ is further defined according to the 
Oxford Dictionary as information which is accepted as true, without (experimental) proof 
for the specific setting. Assumptions are frequently based on expert opinion and may well 
lack consideration of variability. The term ‘surrogate data’ is used when stand-in or 
substituted data are based on (limited) experiments or when data obtained for another 
micro-organism or situation is used as a proxy for the pathogen or situation under study. 
Examples of surrogate data are the use of data of another micro-organism than that of 
concern, or another country than that of interest. In the absence of high quality data, use of 
surrogate data or assumptions often leads to more conservative estimates, also referred to 
as worst case scenarios. Constraints, uncertainties and assumptions having an impact on 
the risk assessment, should be explicitly considered and documented in a transparent 
manner (CAC 2007b). 
By detailed analysis of the selected QMRA studies, surrogate data or assumptions were 
identified for each of the following data categories: (1) prevalence and concentration of 
micro-organisms of concern; (2) transmission routes (how the pathogens enter the food 
chain); (3) growth, removal, survival, and/or inactivation of microorganisms; (4) consumer 
behavior; and (5) dose-response relationship. 
6.4.2.1. Filling the data gap on prevalence and concentration of pathogens in 
water or fresh produce along the fresh produce chain 
In order to assess exposure, the prevalence and concentration of pathogens on the 
commodity under consideration - or further backwards in the supply chain (such as in 
irrigation water) - needs to be known. This was one of the major data gaps identified 
during this review. There are many approaches taken to overcome this data gap problem, 
as listed in Table 6.2.  




For many reasons, there is little routine or regular monitoring of fresh produce or water for 
the presence of pathogens in most countries, explaining the lack of data. Even when done, 
pathogen prevalence is usually quite low. For example, Salmonella spp. prevalence 
reported in foods of non-animal origin as part of the European Food Safety Authority’s 
(EFSA’s) zoonoses web-based reporting from 2004 to 2011 was 0.48%. In another 
example, of 1860 samples of unprocessed leafy raw vegetables (from October 2006-
October 2007) sampled at the entrance hall of two processing companies in the 
Netherlands, Salmonella spp. were detected in six samples (0.38% prevalence estimate) in 
the range of 0.019 -> 0.281 CFU per gram (Pielaat et al. 2014). Clearly, obtaining accurate 
data requires large sample numbers in order to construct an adequate probability 
distribution of pathogen concentration/prevalence for the model. Even if a large data set 
was collected, the sample volume and location is an important factor to be taken into 
account. Samples could be falsely reported as negative due to pathogen concentrations 
falling below assay detection limits. Indeed, factors such as assay specificity, sensitivity, 
and availability of internationally standardized analytical methods all affect the quality of 
the data obtained. In case of detection by molecular methods (e.g. for viruses), a positive 
test result obtained by real-time PCR does not mean that the pathogen is infectious and 
thus a public health hazard (Knight et al. 2013). Some studies assume that genomic copies 
are equal to infective pathogens (i.e. Barker et al. 2013; Ferrer et al. 2013; Lim and Jiang 
2013), but this may overestimate public health risk.  
To take into account the impact of positive samples having pathogen concentrations below 
assay detection limits, additional steps in dealing with sampling data may be imposed in 
some QMRAs (e.g. in Ding et al. 2013; Lim and Jiang 2013). Mota et al. (2009) applied a 
deterministic approach by simply performing the calculation of annual risk of infection 
using the limit of detection of the method involved. To consider seasonal fluctuations of 
pathogen loads (e.g., in reclaimed wastewater used for irrigation), it was important to 
sample for a prolonged period of time, comprising the whole crop cycle and growing 
season (e.g. in Diallo et al. 2008). Due to temperature and rainfall variations, and 
overflows or occasional household or industrial discharges, spatial and temporal variability 
are typically observed in microbial parameters of surface water (Won et al. 2013; Nnane et 
al. 2011). In this literature review, different approaches were identified to handle data 
needs related to the prevalence and concentration of microorganisms in water or fresh 
produce (Table 6.2.). 
The first approach and preferred situation occurs when QMRA studies have access to 
relevant sampling and pathogen testing data, either data through collection by the team 





prior representative studies i.e. same region, same type of water or food crop under 
consideration (e.g. in Ding et al. 2013). It is important that the suitability and robustness of 
the data set being used as input into QMRA is verified relative to sampling plan (number 
of samples and sampling locations) and analytical method performance (specificity, 
sensitivity and limit of detection). If situation-specific data on pathogen presence (e.g. 
(reclaimed) irrigation (waste)water or on produce) is missing, other strategies are used to 
obtain plausible estimates. As such, a second approach is the use of data from other 
production sites/countries (e.g. Lim and Jiang 2013) or from other (similar) vegetables 
(e.g. Carrasco et al. 2010) as surrogates for the situation under study. 
A third approach is the use of established ratios between indicator bacteria and the specific 
pathogen under consideration. This strategy is used to circumvent the problem of analyzing 
large sample numbers or sizes for the presence of specific pathogens of low prevalence, as 
data for indicators are more readily available, of higher prevalence, and higher 
concentration. Some of the ratios most often used are described in Table 6.2. Almost all 
studies that use one of these ratios for estimating the concentration of enteric viruses, 
Campylobacter or Cryptosporidium, refer to only two limited experimental studies. The 
ratios for rotavirus, enterovirus and Campylobacter spp. are based on data from waste 
stabilization ponds in northeast Brazil reported by Oragui et al. (1987), the ratio for 
Cryptosporidium is based on data from ponds in Kenya reported by Grimason et al. (1993). 
Both studies determined the number of fecal coliforms together with the concentration of 
these pathogens.  
The widespread application of these ratios to situations very different from those 
encountered in the initial data collection (i.e. raw wastewater data from tropical countries 
in non-epidemic situations (Mara et al. 2007) is not supported experimentally. For 
example, the diversity of pathogens present and concentrations in raw sewage depend upon 
origin of the fecal input (human/non-human sewage) (O’Toole et al. 2014) and the 
epidemiological status of the contributing populations (Hamilton et al. 2007), both of 
which differ by region. This is particularly relevant when applying these ratios to QMRA 
for use in developed countries (Forslund et al. 2010) or epidemic situations. The use of 
these ratios as proxy for other types of water such as (partially) treated wastewater (e.g. in 
Munoz et al. 2010) or domestic greywater (e.g. in Barker-Reid et al. 2010) is also 
questionable because of differences in wastewater treatment efficiency and the 




Table 6.2. Data needs related to prevalence and concentration of pathogens in water or fresh produce and identified approaches (based on genuine 
data, surrogate (S) data or assumptions (A)) including their inherent frailty to deal with these data needs. 
Data need on pathogen concentration and prevalence (including seasonal fluctuations) on fresh produce and/or in (reclaimed) water used for 
irrigation practices. 
(i) The use of relevant prevalence and concentration data obtained by own sampling or from prior studies 
being representative, i.e. same region, same type of water or food crop under consideration 
(ii) The use of data from another production site/countries or other similar vegetables as surrogate data 
 
(iii) The use of ratios between indicator bacteria and the specific pathogen under study, based on 
limited experimental data, to estimate the pathogen concentration level in the initial irrigation water in 
a different context. E.g.: 
- Ratio enteric virus : fecal coliform in wastewater is 1:105  
- 0.1-1 rotavirus per 105 E. coli (or fecal coliform) 
- 0.1-1 Campylobacter per 105 E. coli 
- 0.01-0.1 Cryptosporidium (oocyst) per 105 E. coli 
- Others  
When using these ratios in a different context than those observed during the experimental studies on 
which these are based, some assumptions are made: 
 The contributing source of fecal load (human/non-human) to the water is similar as in the 
experimental study  
 The removal efficiency of the used WWT or the survival and growth of the indicator and 
the pathogen are comparable. 
 There is a linear relationship between the concentration of the indicator and the 
concentration of the pathogen of interest 
In order to use the ratios with the data that was at hand some indicators/microorganisms were used as 
assumed surrogate for others, e.g.: 
- E. coli accounts for all fecal coliforms                          enteric virus : E. coli ratio is 1 : 105 
- Enteric viruses are represented by enteroviruses 
- Data of total coliforms was used instead of fecal coliforms 
e.g. Ferrer et al. (2012); Ding et al. (2013) 
 
e.g. Barker-Reid et al. (2010); Lim and 




Shuval et al. (1997); Munoz et al. (2010) 
Mara et al. (2007); Pavione et al. (2013) 
Mara et al. (2007); Bastos et al. (2008) 
Mara et al. (2007); Pavione et al. (2013) 





e.g. Barker-Reid et al. (2010); Munoz et 
al. (2010); Drechsel and Seidu (2011) 
e.g. Mara et al. (2007); Mara and Sleigh 
(2010a); Mara and Sleigh (2010b) 
 
 
e.g. Barker-Reid et al. (2010) 
 
Munoz et al. (2010) 
  
 
- NoV are represented by enteroviruses                       => 0.1 – 1 norovirus per 105 E. coli 
Ratios (pathogen/indicator ratios) that were initially based on occurrence in (treated) municipal 
wastewater were assumed to be applicable to calculate number of pathogens present ON produce (e.g. 
tomatoes, potatoes, lettuce) 
For other pathogen/indicator ratios there is no clear reference to experimental/screening studies  
E.g.: 8% of measured E. coli concentration is diarrhegenic/pathogenic 
or  a pathogen/indicator ratio was assumed: e.g. ratio of E. coli O157:H7 to E. coli is 1:10
6
. 
(iv) The fecal loading approach to estimate the concentration of a specific pathogen in water. 
(v) The initial contamination level of the (initially untreated) irrigation water or produce was simulated by 
different potential contamination levels, 
or the use of one assumed scenario. 
Mara and Sleigh (2010b) 
Seidu et al. (2008); Forslund et al. (2010); 
Forslund et al. (2012) 
 
 
Diallo et al. (2008) 
Seidu et al. (2013) 
Barker et al. (2013); Ottoson et al. (2011) 
e.g. Rodriguez et al. (2011); Domenech et 
al. (2013); Mara et al. (2007); Bastos et al. 
(2008)  
Or Van Ginneken and Oron (2000); Oron 
et al. (2010) 
 
 




The case for enteric viruses is a good one. For example, there is ample evidence that 
enteric viruses may persist after water disinfection treatments that eliminate bacteria 
(Simmons and Xagoraraki 2011; Ottoson et al. 2006; Rodriguez-Manzano et al. 2012) and 
in general bacteria are poor indicators of the presence of viruses and parasitic protozoa 
(Rimhanen-Finne et al. 2004; Agullo-Barcelo et al. 2013; Jurzik et al. 2010; He et al. 
2012). As such, the existence of a linear relationship between the concentration of an 
indicator bacteria and e.g. a specific enteric virus is highly unlikely, particularly a pathogen 
with a distinctive seasonality and prevalence. The lack of a fixed correlation between 
pathogen and (a single) bacterial indicator, and hence the invalidity of these ratios, have 
been highlighted by Silverman et al. (2013) and Cutolo et al. (2012). For example, the 
inutility of using E. coli results to model virus health risks associated with the reuse of 
domestic greywater has been recently demonstrated in a study by O'Toole et al. (2012), 
with a finding of no statistical correlation between the presence of the indicator and 
viruses. 
Another point in the use of these ratios is that assumptions have been suggested to alter 
these ratios: the original data in Oragui et al. (1987) and Grimason et al. (1993) comprised 
fecal coliforms and several studies assumed to replace data of fecal coliforms with data of 
E. coli (e.g. in Barker-Reid et al. 2010; Mara and Sleigh 2010b), or total coliforms (e.g. in 
Munoz et al. 2010). In Mara and Sleigh (2010b) it was assumed that noroviruses could be 
represented by enterovirus concentrations (Table 6.2.), despite the distinct variability in 
seasonality of human NoV and enteroviruses. Since in regions in the temperate northern 
hemisphere, where most data is available, infections due to enteroviruses generally reach a 
peak in late spring and early summer (Costan-Longares et al. 2008) or summer and early 
fall (Sedmak et al. 2003; Skraber, S. et al. 2004), while on the contrary NoV infections 
mainly occur during the cooler winter months (Ahmed et al. 2013, de la Noue et al. 2014). 
These pathogen/indicator ratios have also been used to estimate pathogen contamination of 
fresh produce. In studies of Forslund et al. (2010), Forslund et al. (2012) and Seidu et al. 
(2008), the ratio was used to estimate rotavirus concentration on potatoes, tomatoes and 
lettuce respectively, that were all irrigated with (treated) wastewater. The validity of this 
practice is questionable, especially in case of Seidu et al. (2008), since the use of poorly 
treated poultry manure and cow dung as fertilizer is common practice in Ghana. These 
non-human waste materials would not be expected to harbor enteric viruses and use of 
these ratios under these circumstances could lead to an overestimation of rotavirus 
concentration on produce. Taken together, extrapolation of relationships found in a specific 
wastewater system to other regions, other water sources and other matrices (e.g. on fresh 
produce) should be approached cautiously. Consequently, critical evaluation of QMRA 





assumptions. This was observed by Barker-Reid et al. (2010), who found overestimation of 
enteric virus risk associated with consumption of brassicaceous vegetables that were 
irrigated with greywater derived from kitchens. This higher risk was a consequence of the 
use of fecal coliform indicator ratios as proxy for enteric viruses, with elevated levels of 
the former likely associated with a non-human source of fecal contamination, perhaps from 
the washing of chicken carcasses. 
A fourth strategy to address the lack of data on pathogen prevalence and concentration is 
the fecal loading approach. This resembles the previous approach as it likewise 
circumvents the constraints of analyzing large sample sizes of water for the presence of a 
specific pathogen. However, in contrast to the previous approach, it does not require 
extrapolation of experimentally determined ratios, but relies on the use of a reasoned 
calculation. This rationale requires first (indirectly) the fecal loading of the potential 
irrigation water by e.g. use of a determined amount of E. coli per g (human) feces (Barker 
et al. 2013) in greywater or by assuming that all E. coli in river water is originating from 
feces from herds harbouring zoonotic pathogens such as verocytotoxin producing E. coli 
(VTEC) as mentioned by Ottoson et al. (2011). Next, a known pathogen shedding 
concentration in feces (e.g. number of NoV particles/g feces in Barker et al. (2013)) or a 
known pathogen to E. coli ratio in feces (e.g. VTEC/E. coli in infected herd and the 
proportion of infected herds) is needed. Thus the NoV concentration in domestic greywater 
in Australia (Barker et al. 2013) and the VTEC concentration in surface water 
contaminated by cattle herds in Sweden (Ottoson et al. 2011) could be calculated. A 
downside of this approach is the need for many input data for the construction of the 
exposure model, which likewise increases the complexity and may introduce greater 
uncertainty in the final estimate of pathogen concentrations (Mok et al. 2014). The latter 
was observed during sensitivity analysis for both studies (Barker et al., 2013; Ottoson et 
al., 2011), as the norovirus shedding rate and the ratio VTEC/E. coli ratio in manure were 
responsible for the majority of the variability in probability of infection or illness. 
A final (fifth) option to deal with lack of data is to simulate the initial contamination and/or 
prevalence of the pathogen for irrigation water/incoming product by the use of different 
potential scenarios (e.g. in Danyluk and Schaffner 2011) or the use of one assumed 
scenario (e.g. in van Ginneken and Oron 2000; Oron et al. 2010) (Table 6.2.). In some 
QMRA studies, different (potential/existing) water/produce quality guidelines concerning 
maximum concentration of E. coli are selected in order to verify the validity of these 
guidelines to reduce the risk of defined pathogen exposure. Hence, the conversion to 
pathogen concentration is done according to the third approach using ratios or by the fourth 
approach using fecal loading. In some studies, scenarios using different pathogen 




concentrations in irrigation water were simulated in order to obtain maximum tolerable 
estimates of pathogens that would comply with certain acceptable maximum risk levels 
(e.g. in Navarro and Jiménez 2011; Mara et al. 2007). 
6.4.2.2. Filling the data gap regarding pathogen transfer during irrigation and 
washing of fresh and fresh-cut produce  
TRANSFER FROM IRRIGATION WATER TO THE CROP 
In simulating contamination routes, data necessary to model the transfer of pathogens from 
the (production) environment to fresh produce are needed. Several factors can contribute to 
the likelihood and degree of pathogen contamination to fresh produce at this phase, 
including water used for irrigation or pesticide/fungicide treatment; soil and insufficiently 
composted manure or biosolids used as fertilizers; wild or neighboring domestic animals or 
livestock grazing on adjacent fields (and associated run-off water); harvest or washing 
equipment; and field workers (Liu et al. 2013; Ilic et al. 2012; Olaimat and Holley 2012). 
Of these, contaminated irrigation water has received the greatest attention. However, food 
handlers, particularly for hand-picked products, have been identified as important 
contributors to the overall microbiological quality of fresh produce (Leon-Felix et al. 
2010). So has contamination with pathogens present in soil/biosolids (Seidu et al. 2008). 
The latter is particularly relevant to developing countries, in which poorly treated manure 
or biosolids/sludge are still used as fertilizer. These two risk factors (food handlers and 
biosolids) should ideally be included as a source of contamination in fresh produce 
production. However the present review focuses on water as a contamination route and 
therefore only the approaches taken and assumptions made for modeling transfer from 
irrigation and washing water to the food crop were analyzed (Table 6.3.) and further 
discussed. 
Different strategies have been used to model or estimate the number of pathogens on (the 
surface of) the crop after irrigation. A first strategy is to use surrogate data to estimate the 
amount of water clinging to the crop after irrigation and assuming that any microorganisms 
contained in the residual water remaining on the edible product would cling to the 
vegetables, also after evaporation of the water. The degree of contamination can be 
estimated using this approach if the microbial load of the water is known and if an estimate 
is at hand of the amount of irrigation water retained by the produce (van Ginneken and 
Oron 2000; Oron et al. 2010). Often, estimates of the amount of water retained on the 
produce are based on surrogate data originating from one single study, i.e. Shuval et al. 
(1997), in which the worst-case scenario was simulated by total immersion of pre-weighed 
cucumber (n=26) and lettuce (n=12) in water. These results (i.e. lettuce: on average 10.8 





estimates, have been commonly used in studies that assessed the transfer of pathogens by 
spray irrigation (Lim and Jiang 2013). Hamilton et al. (2006a) imposed a normal 
distribution on these data (used also in e.g. Barker et al. 2013; Ottoson et al. 2011). In 
addition, Hamilton et al. (2006a) determined the amount of water retained on some other 
vegetable products. In this study, the amount of water retained on broccoli (n=100) and 
three cultivars of cabbage (3 x n=20) was determined in field tests using overhead 
irrigation. The resulting distributions have served as input data for other QMRA studies 
(e.g. in Hamilton et al. 2006b; Barker-Reid et al. 2010). These limited data for lettuce, 
cucumber, broccoli and cabbage have been used as stand-in data for other vegetables (e.g. 
in Munoz et al. 2010; Mota et al. 2009). When different crops are compared, the risks for 
lettuce tend to be higher due to this product’s relatively higher water retention rate 
(Hamilton et al. 2006a; Lim and Jiang 2013). 
In the absence of data, a second approach is to use assumptions to estimate the amount of 
water adhering to crops after irrigation. This was done in two of the oldest QMRAs 
included in this review (assuming an average daily exposure of 10 ml water) (i.e. Asano et 
al. 1992; Tanaka et al. 1998). Some studies have also used this approach to estimate the 
microbial load of root vegetables such as onions (Mara et al. 2007) and carrots (Mara and 
Sleigh 2010a). In studies by van Ginneken and Oron (2000) and Oron et al. (2010), 
assumptions were made on the amount of water retained on the crop (fruits and 
vegetables), differentiating between spray irrigation, drip irrigation and subsurface drip 
irrigation (Table 6.3.).  
A third approach to fill the data gaps about pathogen transfer from water to produce has 
been to use data from field experiments in which the produce had been irrigated during 
growth with the relevant type of irrigation water under consideration (with naturally 
occurring micro-organisms). The subsequent microbial load of the irrigated crops is then 
determined upon harvest and used as input data in the QMRA model. The first study taking 
this approach was that of Seidu et al. (2008), who used data from previous studies by 
Obuobie et al. (2006) and Amoah et al. (2007a,b). These studies assessed the concentration 
of Ascaris and fecal coliforms on lettuce irrigated with different water types (drain, stream 
and piped water). For the QMRA of Finley et al. (2009), field data on the contamination 
level of lettuce, carrots and peppers irrigated with (treated) greywater or tap water at soil-
level was obtained for fecal coliforms and fecal streptococci. In Forslund et al. (2010; 
2012) field studies were performed to assess the contamination of potatoes and tomatoes 
with E. coli after the use of different treated waters and irrigation methods. Note that in all 
of these field studies, except for the detection of Ascaris, fecal indicator bacteria were 
monitored, after which in all but one study (i.e. Finley et al. 2009), a pathogen/indicator 




ratio was used to estimate the amount of rotaviruses on the crop. As such, the fecal 
indicator bacteria data were used as proxy for the transfer and attachment of viruses. 
The last and fourth approach is also based on field data. In this case, field trials were 
performed not simply to use the data, but rather to simulate the transfer of the pathogens in 
(irrigation) water to the crop via the development of a formula to calculate transfer rate. In 
two studies done by Stine et al. (2005b; 2011), field trials were conducted to obtain the 
percentages of micro-organisms transferred from water to the surface of fresh produce via 
irrigation and by application of water-diluted pesticide spray, respectively. In both studies 
the coliphage PRD1 and E. coli ATCC 25922 were used as surrogates for the transfer of 
HAV and Salmonella, respectively. Two different irrigation methods (subsurface drip 
irrigation and furrow irrigation) were evaluated in the field studies and both trials were 
performed on three produce types: cantaloupe, iceberg lettuce and bell peppers. Bastos et 
al. (2008) performed field trials to obtain formulae for low-growing crops and high-
growing crops that related the concentration of E. coli/100 ml irrigation water with the E. 
coli concentration per gram on the crop. In this case, watering was done using cans and E. 
coli was used as a surrogate for Giardia, Cryptosporidium, rotavirus and Campylobacter. 
These data were later also used by Pavione et al. (2013). 
The latter two approaches (i.e., using data from field trials), have an advantage in that the 
effect of repeated irrigation with contaminated water and attachment, survival and growth 
of the surrogate organisms during production, are included in the estimates. In contrast, the 
first two approaches only take into account the amount of water clinging to the crop after 
one irrigation event (or water submersion) after which survival is included during the 
subsequent withholding period (period between last irrigation and harvest). However, a 
downside of the latter two approaches is that the data may not be very applicable to other 
situations, as different environmental and climatic conditions could influence the final 
microbial loads. In several field studies, the influence of crop type was investigated by e.g. 
selecting (a root), leaf, and fruit crop each of varying heights (Finley et al. 2009; Bastos et 
al. 2008; Stine et al. 2011; Stine et al. 2005b). 
TRANSFER OF MICRO-ORGANISMS / CROSS-CONTAMINATION DURING POST-
HARVEST RINSING AND WASHING  
Contamination of produce due to cross-contamination during processing/packing (e.g. 
washing) has also been modeled, albeit in a limited number of studies (e.g. Danyluk and 
Schaffner 2011). There is increasing interest in this phenomenon due to the rising market 
for pre-packaged, washed salad vegetables. Validation studies to characterize 
transfer/cross-contamination rates during industrial processing or salad preparation has 





Gomez et al. 2013). Recent studies evaluated cross-contamination from nylon brushes and 
peelers that were contaminated with viruses to uncontaminated carrots and celery (Wang et 
al. 2013), and in Chapter 5 cross-contamination of lettuce with bacteria (E. coli) and 
viruses (MS2 and MNV-1) during simulation of industrial washing procedures of fresh-cut 




Table 6.3. Data needs identified to model the transmission routes describing how pathogens are transferred from environment (water) to the crop 
and identified approaches (based on genuine data, surrogate (S) data or assumptions (A)) to deal with these data needs. 
Knowledge on the transfer of pathogens during irrigation on farm level and effect of different irrigation strategies on contamination level of 
fresh produce. 
(i) Use of surrogate data (based on limited experiments) to estimate the amount of water clinging to the 
crop after spray irrigation (Vprod), data can be based on: 
- submersion experiments: 
 Shuval et al. (1997):   Lettuce: 10.8 ml/100 g; cucumber: 0.36 ml/100 g 
Variants on this base data have been applied: 
 Lettuce:  Normal, µ=0.108, σ=0.019 (truncated at 0) (ml/g) 
 
 
Uniform (8.9, 12.7) (ml/100 g) 
Range: 10-15 ml/100 g 
 
Range: 10.8-15 ml/100 g 
Vprod = 5 ml on 40 g of lettuce 
 Cucumber:   Normal, µ=0.0036, σ=0.0012 (truncated at 0) (ml/g) 
 
Uniform (0.24, 0.48) (ml/100 g) 
 Bartz (1988) :             tomato: 0.04-1.66 ml/100 g -> Uniform (0.04-1.63) ml/100 g 
- Spray-irrigation experiments => Hamilton et al. (2006a):  
 broccoli (n=100): Log Logistic, α=4.246, β=1.583x10-2, λ=1.085x10-3 (µ=0.0185) 
 
 Savoy King/Grand Slam cabbage (2 x n=20): Empirical CDF (µ=0.0352) (ml/g) 
 






Shuval et al. (1997); Petterson et al. 
(2001); Mota et al. (2009) 
Hamilton et al. (2006a); Hamilton et al. 
(2006b); Barker et al. (2013); Ottoson et 
al. (2011); Ayuso-Gabella et al. (2011) 
Lim and Jiang (2013) 
Mara et al. (2007); Mara and Sleigh 
(2010b); Diallo et al. (2008) 
Drechsel and Seidu (2011) 
NRMMC-EPHC-AHMC (2006) 
Hamilton et al. (2006a); Hamilton et al. 
(2006b) 
Lim and Jiang (2013) 
Lim and Jiang (2013) 
 
Hamilton et al. (2006a); Hamilton et al. 
(2006b) 
Hamilton et al. (2006a); Hamilton et al. 
(2006b) 





When no specific surrogate data was available, some studies used data as stated above as surrogates 
for other types of vegetables and fruits. E.g. 
- The use of remaining water volume on cucumber, for other ‘smooth produce’ such as 
tomatoes and bell peppers 
- The use of remaining water volume on lettuce as surrogate for other leafy vegetables, 
and remaining volume of water on cucumber as surrogate for other vegetables and fruit 
- The use of Vprod for Winter head cabbage as surrogate for all brassicaceous vegetables 
This approach has as inherent assumption that any microorganisms contained in the residual 
wastewater/irrigation water remaining on the irrigated vegetables would cling to the vegetables even 
after the wastewater itself evaporated.  
 
(ii) If no relevant surrogate data is available, assumptions have been used for the amount of water 
clinging to crops after irrigation. E.g. 
 Assuming an average daily dose of 10 ml when eating vegetables 
 Assuming that the volume of irrigation water remaining on onion is 1-5 ml per 100 g onions 
 Assuming 3-5 ml of irrigation water remaining on 100 g carrots 
 In van Ginneken and Oron (2000) assumptions have been made on the amount of water 
remaining on fruits and vegetables when three different irrigation techniques were used: 
- Spray irrigation: 16 ml/100 g 
- Onsurface drip irrigation: ~triangular distribution (min.: 0.016 ml/100 g; max.: 1.6 
ml/100 g; mean: 0.16 ml/100 g of plant matter) 
- Subsurface drip irrigation: ~triangular distribution (min.: 0.0016 ml/100 g; max.: 
0.16 ml/100 g; mean: 0.016 ml/100 g) 
 
(iii) The effect of the relevant type of irrigation water under study on the contamination level of fresh 
produce was examined during a field experiment. The level of microbial contamination of the crops 





Mota et al. (2009) 
 
Munoz et al. (2010) 
 







Asano et al. (1992); Tanaka et al. (1998) 
Mara et al. (2007) 
Mara et al. (2010a) 
 
 
Van Ginneken and Oron (2000) 
Van Ginneken and Oron (2000); Oron et 
al. (2010) 
Van Ginneken and Oron (2000); Oron et 
al. (2010) 
 
Seidu et al. (2008); Finley et al. (2009); 







(iv) The performance of field trials using surrogate microorganisms to model the transfer of specific 
pathogens in irrigation/pesticide water to the specific crop. Surrogates that are used: 
- Coliphage PRD and E. coli ATCC 25922 as surrogate for the transfer of HAV and 
Salmonella, respectively 




Stine et al. (2005b); Stine et al. (2011) 
 
Bastos et al. (2008); Pavione et al. (2013) 
 
Additional studies on the effect of different irrigation water strategies on the pathogen load of different crops. 
(additional validation) studies on occurrence and effect of cross-contamination during farm to fork chain (e.g. washing, cutting, packaging). 
Including data on distribution of cross-contaminated microorganisms in processed produce. 
(i) The use of data based on experiments to simulate the transfer of the pathogen to the crop. Some studies 
use data obtained using surrogate microorganisms others data based on cross-contamination studies 
that used the relevant pathogen under study. E.g. 
- The use of nonpathogenic surrogates (PRD1 phage and E. coli) instead of the pathogens under 
study (HAV and Salmonella) to determine the fraction of microorganisms present on surface of 
cantaloupe that are recovered from the flesh after cutting the cantaloupe. 
- Danyluk and Schaffner (2011) modeled the cross-contamination of leafy greens with E. coli 
O157:H7 due to washing at processing stage using data of Zhang et al. (2009) on the relevant 
pathogen under study. 
(ii) When no relevant data are at hand, the effect of cross-contamination can be simulated using different 
cross-contamination scenarios (with e.g. different types of distribution of bacterial load and different 
cross-contamination levels). 
(iii) Assuming that no cross-contamination of fruits and vegetables after harvest is occurring and therefore 
contamination of the crops is solely due to farm level contaminations 
Ding et al. (2013). Rodriguez et al.(2011) 
 
 
Stine et al. (2005b); Stine et al. (2011) 
 
 
Danyluk and Schaffner (2011) 
 
 
Puerta-Gomez et al. (2013) 
 
 







6.4.2.3. Filling the data gaps on reduction/growth/survival of microorganisms 
along the fresh produce production chain  
GROWTH AND SURVIVAL 
Due to the frequent unavailability of relevant pathogen survival or persistence data on 
fresh produce, surrogate data and assumptions have mostly been used in selected QMRAs. 
However, the preferred (first) approach is the use of actual growth curves or studies on 
persistence obtained for the relevant pathogen on the specific produce item under 
consideration, e.g. Stine et al. (2005b; 2011). Yet in some cases the use of surrogate data or 
surrogates (second approach) is more practical or even a necessity. The latter is the case 
for example for the non-cultivable human norovirus (Knight et al. 2013). Petterson et al. 
(2001a), for example, used Bacteroides fragilis bacteriophage B40-8 as a surrogate for 
human enteroviruses to estimate their persistence on lettuce. B. fragilis phage B40-8 was 
chosen because it is considered as a conservative model for human enteric viruses and may 
be expected to be inactivated at a slower rate than the human viruses (Petterson et al. 
2001b). The resulting first order decay constant (k= 1.07d
-1, σ= 0.07) has been used in 
several other studies (e.g. Al-Juaidi et al. 2010), including some that used this model to 
represent persistence of enteric viruses on other types of produce (Hamilton et al. 2006a; 
2006b). Decay or the loss of viability/infectivity of pathogenic microorganisms is 
traditionally modeled assuming a simple first-order kinetic model, where the decay 
constant is affected by various environmental factors (e.g., temperature, solar radiation, 
relative humidity and presence of inhibiting/inactivating substances). However, simple, 
first-order (single-phase) die-off is probably not accurate as most soil and subsurface 
environments are highly heterogeneous and because of the potential for long-term survival 
of persistent subpopulations and/or re-growth in the environment (Bradford et al. 2013). As 
such, biphasic survival kinetics have been observed in both water (e.g. Easton et al. 2005; 
Ahmed et al. 2014) and fresh produce production environments (e.g. Seidu et al. 2013; 
Petterson et al. 2001b). In biphasic decay kinetics an initial rapid decay is noted, often 
followed by an attenuated, slower decay. The inclusion of the possibility of a biphasic 
decay in QMRA is important as the survival of pathogens, and hence the predicted 
infection risk, can be significantly underestimated if the presence of a persistent sub-





Table 6.4. Data needs related to growth/survival/removal/inactivation of microorganisms along the fresh produce chain and identified approaches 
(using genuine data, surrogate (S) data or assumptions (A)) to deal with these data needs. 
Specific survival/growth data for very specific situation (e.g. survival in pesticide spray, crop specific survival) or for the pathogen under study 
is often missing 
(i) The use of growth and/or survival data obtained for the relevant pathogen on the specific crop under 
study, ideally when simulating relevant environmental conditions. 
 
(ii) The use of data based on experiments in which a surrogate microorganism was used instead of the 
specific pathogen under study or the use of data based on experiments performed on a different type of 
produce then the produce under study, to study survival/growth of a specific pathogen on a specific 
crop. E.g.:  
- use of Bacterioides fragilis bacteriophage B40-8 as a surrogate for enteroviruses or other 
enteric viruses  
 
- use of survival data obtained for lettuce for another produce: e.g.  cucumber, broccoli and 
cabbage 
Models are often constructed assuming a simple first-order kinetic model. 
(iii) The use of estimates or assumptions on log reductions of the pathogen on the crop at pre-harvest 
and/or post-harvest stage. 
- Estimates for log reductions comprising survival on field but also removal/inactivation 
steps further in the chain (e.g. washing by consumer) e.g.: 
 Assumption of total virus inactivation/removal of 3 or 2-3 logs as rough, 
conservative estimation for inactivation on field and/or as estimate for removal 
by e.g. washing and survival post-harvest 
- Assumptions, e.g.: 




e.g. Stine et al. (2005b); Stine et al. 
(2011); Ding et al. (2013); Puerta-Gomez 





e.g. Petterson et al. (2001a); Al-Juaidi et 
al. (2010); Barker et al. (2013) 
 







e.g. Shuval et al. (1997); Mara et al. 
(2007); Seidu et al. (2008); Pavione et al. 
(2013) 
 
e.g. Asano et al. (1992); Tanaka et al. 
(1998); Munoz et al. (2010); van 
Ginneken and Oron (2000); Oron et al. 
(2010); Hamilton et al. (2006a) 
  
(iv) Assuming pre- and/or post-harvest decay or effect of storage to be negligible relative to the shelf life. e.g. Bastos et al. (2008); Mota et al. 
(2009); Barker-Reid et al. (2010); Mara 
and Sleigh (2010a); Ottoson et al. (2011); 
Stine et al. (2011) 
Specific experimental data on the removal/inactivation of the pathogen  
(i) The use of removal/inactivation data obtained for the relevant pathogen on the specific crop under 
study. 
(ii) The use of data based on experiments in which a surrogate microorganism was used instead of the 
pathogen under study or which was performed on a different type of produce to study the effect of 
removal and/or inactivation strategies (e.g. washing) of a specific pathogen on a specific crop. 
(iii) The use of estimates or assumptions on log reductions of the pathogen on the crop (the same as for 
survival/growth). 
E.g.:  
- Assumption of total virus inactivation/removal of 3 or 2-3 logs as rough, conservative 
estimation for inactivation on field and/or as estimate for removal by e.g. washing and 
survival post-harvest 
- Assuming that the combined effect of washing (1 log10 reduction (WHO (2006)) and 
disinfection (2 log10 reduction (WHO (2006))) during salad preparation would lead to a 3 
log10 reduction of rotavirus. 
(iv) Assuming that post-harvest removal/inactivation is negligible (worst-case scenario). 
e.g. Puerta-Gomez et al. (2013); 
Doménech et al. (2013) 






e.g. Shuval et al. (1997); Pavione et al. 
(2013) 
 
Seidu et al. (2008) 
 
 
e.g. Mota et al. (2009); Barker-Reid et al. 








A third approach is the use of estimates or assumptions on log reductions of the pathogen 
on the crop/plant that takes place during plant growth in the field or post-harvest. Some 
studies have used estimates for log reductions, whether or not combined with removal by 
e.g. washing/disinfection (during consumer preparation) (e.g. used by Shuval et al. 1997; 
Pavione et al. 2013). An assumption that has been frequently used is that for the 
persistence of enteric viruses, a first order decay as a function of time (µ1 = µ0 * e
(-kt)
) is 
appropriate, with a generic decay constant k of 0.69 d
-1
 (e.g. Asano et al. 1992; Munoz et 
al. 2010). This constant is primarily used to model decay during the withholding period in 
the field. This same decay constant was also used in an early risk assessment dealing with 
the decay of viruses in an Illinois river (Haas 1983). But after sensitivity analysis, Haas 
(1983) concluded that variation in this decay constant resulted in the greatest variation in 
the resulting risk estimate and hence particular attention should be given to obtain data on 
viral decay in order to develop more precise estimates of risk. A similar conclusion about 
the importance of the selected decay model/constant was drawn by Petterson et al. (2001a), 
Hamilton et al. (2006a) and Seidu et al. (2013). 
As a last (fourth) approach, some studies assumed pre- and/or post-harvest decay to be 
negligible (e.g. Mota et al. 2009; Hamilton et al. 2006a). However, many of these QMRA 
articles relate to viruses, and viruses are inert and relatively stable under common 
(assumed) storage conditions of fresh produce. However, enteric bacterial pathogens such 
as Salmonella and pathogenic E. coli may have the ability to multiply (or die) on fresh-cut 
produce, depending upon storage conditions. As there is an increasing trend towards 
buying pre-packed leafy greens with shelf lives up to two weeks or longer, parameters such 
as microbial survival and growth throughout the farm-to-fork continuum should be taken 
into account (Ottoson et al. 2011). Some studies did include survival/growth during storage 
at retail, in food service operations or at home (e.g. Carrasco et al. 2010; Puerta-Gomez et 
al. 2013).  
REMOVAL AND INACTIVATION 
Consideration of post-harvest inactivation and removal strategies such as washing (with or 
without the use of sanitizers in the water), irradiation or peeling were often absent in 
QMRA studies, predominantly because half of the studies just did not include further 
processing or consumer preparation in the model. A few studies (n=9) considered washing 
at the consumer phase (e.g. Ottoson et al. 2011; Barker et al. 2013) and in some cases 
(n=6), at the processing level (e.g. Rodriguez et al. 2011; Carrasco et al. 2010). Again, 
different approaches can be taken for modeling pathogen removal/inactivation during 
washing or decontamination (Table 6.4.). Similar to approaches described above, some 





combination with survival (e.g. Shuval et al. 1997; Pavione et al. 2013). Other studies have 
used crop specific experimental data on the effect of washing on the produce and 
pathogen(s) under consideration (e.g. Puerta-Gomez et al. 2013; Doménech et al. 2013). 
The use of removal/inactivation data derived from experimental studies on other types of 
crops as proxy for a different product has been applied, e.g. shift from Brussels sprouts to 
lettuce (Carrasco et al. 2010). For other reasons, the use of surrogate data is sometimes a 
necessity, as is the case for non-cultivable pathogens like noroviruses (e.g. in Barker et al. 
2013). 
Next to washing and/or disinfection, irradiation was also investigated as an inactivation 
strategy for Escherichia coli O157:H7 and Salmonella spp. on fresh-cut bagged lettuce 
(Rodriguez et al. 2011) and ready-to-eat baby spinach (Puerta-Gomez et al. 2013), 
respectively. A crude estimation of pathogen reduction achieved by peeling has been 
considered in the case of carrots (e.g. Mara and Sleigh 2010a). 
In general, pathogen growth, survival/persistence, removal and inactivation data and 
predictive models have been identified as a data gap for QMRA, both pre- and post-harvest 
(Table 6.4.). In the pre-harvest phase, climatic conditions (such as temperature, solar 
radiation or relative humidity) can influence the survival of pathogens in the field 
(Petterson et al. 2001b). Survival of microorganisms has also been suggested to be crop 
specific (Verhaelen et al. 2012; Macarisin et al. 2013) and could be affected by the 
competing microbiota present, which is impacted by many factors (Ottoson et al. 2011), 
and internalization. Moreover, post-harvest decay or growth along the farm-to-fork 
continuum is not always included in QMRA studies and can be relevant, in particular for 
bacterial pathogens, if longer shelf lives are applied. Knowledge on survival and growth of 
pathogens on specific fresh produce commodities is accumulating and data on the use and 
performance of sanitizers to avoid cross-contamination during washing and 
decontamination of fresh(-cut) produce is becoming increasingly available. Some examples 
include Mansur et al. (2014), who produced a growth model for E. coli O157:H7 on treated 
kale; Carratala et al. (2013b), who described persistence of human adenoviruses (hAdV) in 
water under different environmental conditions; Zeng et al. (2014) who described growth 
of E. coli O157:H7 and Listeria monocytogenes in packaged fresh-cut Romaine mix at 
fluctuating temperatures anticipated during commercial transport, retail storage, and 
display; and Bozkurt et al. (2014), who modeled thermal inactivation of human norovirus 
surrogates in spinach. Again, use of surrogates requires caution. Some surrogates 
commonly used for norovirus, such as feline calicivirus strain F-9, have been shown to be 
less tolerant to chlorine treatment and thermal processing (Nowak et al. 2011; Topping et 
al. 2009). In the discussion of growth, survival, removal and inactivation the possible 




effect of internalization of pathogens inside the plant tissue can also be considered as a 
data gap and could be relevant to consider (Sales-Ortells et al. 2014). Internalization of 
human pathogens can occur through root uptake, and through cellular structures (e.g. 
stomata) or wounds. This physical entrapment below the surface could function as 
protective shelters making post-harvest treatments such as chlorine sprays and washes 
ineffective (Hirneisen et al. 2012; Hirneisen and Kniel 2013b). 
6.4.2.4. Filling the data gap on consumer behavior 
Consumer behavior, both practices and consumption patterns, influences exposure and 
hence risk (CAC 1999). Relevant fresh produce consumption data, including frequency 
and portion size for key populations, are essential for exposure assessment (Le Donne et al. 
2011; Hoelzer et al. 2012). Such data have been used in QMRA studies (e.g. by Ferrer et 
al. 2012) (Table 6.5.). However, relevant national consumption data are not always 
available for every country and hence data derived from other countries and/or populations 
is frequently used as proxy (e.g. in Navarro and Jimenez 2011; Barker et al. 2013) (Table 
6.5.). Frequently used consumption data are those derived from the US National Health 
and Nutrition Examination Survey (NHANES) further elaborated by US Environmental 
Protection Agency (e.g. in Navarro et al. 2009; Oron et al. 2010) while an European 
database is not yet available and still national consumption surveys are applied (Jacxsens et 
al. submitted). Consumption data derived from official institutes such as US NHANES, US 
EPA or EFSA are often expressed as daily consumption (g/day), mostly to be used for 
nutritional purposes or risk assessments associated with chronic chemical exposures 
studies (e.g. Vinci et al. 2012; De Boevre et al. 2013). Of course, in QMRA in which acute 
exposure is the problem, average consumption over time is less relevant than the portion 
and frequency of consumption of a product (CAC 1999). It should also be noted that it is 
difficult to compare consumption data from different countries because of different data 
collection methods and resources that can go into such data collection (Le Donne et al. 
2011; EFSA 2013). Consequently, dietary surveys can differ with respect to a number of 
parameters affecting the level of detail and the accuracy of the collected data, such as: (i) 
the dietary assessment method e.g. 24h recalls, food frequency questionnaires (FFQ) or via 
diaries; (ii) the number of days over which information is collected; (iii) sampling design; 
and (iv) method for quantification of portion sizes. In an effort to provide more 
standardization, European countries are engaged in an effort to harmonize collection of 
consumption data among countries (EU project EU Menu 
http://www.efsa.europa.eu/en/datexfoodcdb/datexeumenu.htm). In the USA, a 
comprehensive study to obtain harmonized data on fresh produce consumption was 





particularly vulnerable to certain microbes and this should also be considered when using 
consumption data (Kroes et al. 2002; EFSA 2009). Another approach for dealing with 
consumption data needs is to use assumptions about portion size (e.g. Petterson et al. 
2001a; Ottoson et al. 2011) and/or consumption frequency (e.g. in Shuval et al. 1997). 
For instance in studies where actual risk estimates are not required, e.g. methodological 
studies (e.g. Petterson et al. 2001a; Petterson and Ashbolt 2001) and studies whose main 
objective is to analyze the effect of different scenarios (e.g. different risk mitigation 
strategies) (e.g. Ottoson et al. 2011, Carrasco et al. 2010), the use of surrogate data or 
assumptions on consumption are acceptable. However when an actual risk estimate is the 
objective, or when exposure to different crops is compared, relevant consumption data is a 
prerequisite. Indeed, it has been shown in sensitivity analysis that the amount of produce 
consumed or serving size can have an important effect on the uncertainty surrounding a 
risk estimate (Hamilton et al. 2006a; Carrasco et al. 2010, Lim and Jiang 2013). 
Consumption habits can be highly culturally dependent, e.g. a serving size of 85 g of cut 
leafy greens was used in a QMRA (Danyluk and Schaffner 2011) as a representative 
portion size for the USA, while a consumption portion of 10-12 g was used to model risks 
associated with raw salads that are mainly sold as ‘street-food’, in Ghana (Seidu et al. 
2008). Mara and Sleigh (2010b) compared the effects of two different consumption 
patterns (100 g every two days vs. 10-12 g on each of four days a week) on norovirus log 
reduction needed to comply with a tolerable level of risk associated with consumption of 
waste-water irrigated lettuce. A one log difference was observed in pathogen reduction 
required along the farm-to-fork chain, depending upon the consumption pattern chosen for 
the risk modeling. Clearly, the application of one countries’ consumption data to another 
may not always be relevant. Another standard assumption made in QMRA is that all of the 
commodity consumed is produced under the conditions being modeled (e.g. use of 
recycled water or wastewater at farm level; occurrence of washing at the processing stage) 
(NRMMC-EPHC-AHMC 2006; Pavione et al. 2013). This is necessary to investigate the 
possible impact of defined risk mitigation strategies when compliance is 100%, but it does 
produce a worst-case scenario risk estimate. 
Another limitation of most consumption data is the absence of information on the state of a 
food item at consumption (e.g. raw, washed, peeled, cooked, stir fried, steamed) (Agudo et 
al. 2002; EFSA 2013; Soerjomataram et al. 2010). The state of the product can be highly 
relevant to the actual risk estimation as several consumer practices can have major 
influences on the microbial characteristics of the product at the time of consumption. Such 
preferences can be culturally dependent, requiring region-specific data on household 
practices such as frequency or rigor of vegetable preparation/washing (Barker-Reid et al. 




2010; Pavione et al. 2013) and the proportion of fruits and vegetables eaten raw. Such data 
are lacking for use in most QMRA studies. In the absence of more specific data on 
consumer behavior, the most frequently used assumption for QMRA is that the produce 
item(s) under study are all eaten raw (e.g. lettuce, cucumber, but also broccoli or cabbage) 
(e.g. in Hamilton et al. 2006a). Studies can circumvent this problem by using consumption 
data specific to raw produce (e.g. Carrasco et al. 2010), and for some vegetables, such as 
lettuce, it is reasonable to assume that most product will be consumed raw. For other 
vegetables such as broccoli, cabbage, spinach or carrots, the assumption of raw 
consumption can be used as a worst-case scenario. Only two studies have tried to model 
the fraction of product eaten uncooked, unpeeled, and unwashed, in these cases by using a 
triangular distribution based on assumptions about the prevalence of such practices (Oron 
et al. 2010; van Ginneken and Oron 2000). Several studies do include a washing step 
before consumption (e.g. Navarro et al. 2009), but QMRAs that use specific data on the 
frequency or intensity of vegetable washing (e.g. in Barker et al. 2013; Domenech et al. 
2013) are scarce as vegetable washing is not usually characterized by degrees but rather by 
yes (washed) or no (not washed) (e.g. Ottoson et al. 2011). However, in the study of 
Doménech et al. (2013) they used specific reduction data on the lettuce of the pathogen 
under study using varying dipping/rinsing times and different concentrations of sodium 




Table 6.5. Data needs related to consumer behavior and identified approaches (using genuine data, surrogate (S) data or assumptions (A)) to deal 
with these data needs. 
Specific consumption data of the situation (country/region) under study  
(i) The use of relevant consumption data for the region/country and situation under study. 
 
(ii) The use of consumption data of another country as surrogate for the consumption patterns in the 
country relevant for the study (consumption size and frequency). E.g.: 
- The use of consumption data derived from the US DA or US EPA for another 
country/situation. 
 
(iii) The use of assumptions on consumption portions and/or frequencies. E.g.: 
- 100 g of lettuce per person on alternate days or 150 days a year. 
 
- Each consumption event (of lettuce) comprises 100 g. 
 
e.g. Hamilton et al. (2006b); Bastos et al. 
(2008); Ferrer et al. (2012) 
 
 
e.g. Barker et al. (2013); Oron et al. 
(2010); Mara and Sleigh (2010a); Navarro 
et al. (2009) 
e.g. Mota et al.(2009); Finley et al. (2009) 
e.g. Shuval et al. (1997); Mara et al. 
(2007) 
e.g. Ottoson et al. (2011); Petterson et al. 
(2001); Petterson and Ashbolt (2001) 
Information on consumer practices such as the prevalence, frequency, or intensity of vegetable washing and cooking habits in the population 
under study 
(i) The use of specific knowledge on household practices concerning the preparation of fresh produce in 
the community. E.g.:           -     Knowledge of washing practices in a community 
 
- The use of specific consumption data of raw produce 
 
(ii) The use of assumptions or scenario analyses. E.g.: 
- Assuming that the vegetables under study are all consumed raw (e.g. lettuce, cucumber, but 
also broccoli or cabbage). 
 
- Washing of produce by consumers was often included in scenario analysis (present or not), so 
true prevalence and efficiency was not accounted for. 
 
e.g. Doménech et al. (2013); Barker et al. 
(2013) 
e.g. Carrasco et al. (2010); Ferrer et al. 
(2012) 
 
e.g. Hamilton et al. (2006a); Navarro et al. 
(2009); Al-Juaidi et al. (2010); Mota et al. 
(2009) 
e.g. Ottoson et al. (2011) 
 




6.4.2.5. Selection of Dose-Response model in QMRA studies on water use in 
fresh produce 
To calculate the risk of infection or illness, the selection of a dose-response model for use 
in QMRA is essential. Different dose-response models were used in the literature selected 
for review, including the exponential model (e.g. in Mota et al. 2009), the 
(simplified/approximated) β-Poisson model (e.g. in Mara et al. 2007), the β-binomial 
model (e.g. in Barker-Reid et al. 2010; Hamilton et al. 2006a) and the Weibull-Gamma 
model (Carrasco et al. 2010). Each model, of course, has its own inherent assumptions, e.g. 
on the distribution of the received dose and/or on the distribution of infection (Vose 2008). 
For some pathogens, different dose-response models were selected in different studies: e.g. 
for Salmonella, a Beta-Poisson dose-response model was selected by some studies (Stine et 
al. 2005b; Stine et al. 2011; Drechsel and Seidu 2011; Lim and Jiang 2013) and an 
exponential model was chosen by another (Puerta-Gomez et al. 2013). The preferred 
approach is the use of dose-response models that are based on information obtained during 
challenge (feeding) studies in human volunteers. However, for certain pathogens there are 
no feeding studies (usually due to ethical reasons), and in this case data can also be derived 
from epidemiological studies (or from animal experiments) (Kothary and Babu 2001). 
Nevertheless, a relevant dose-response model was simply not available for all pathogens 
under consideration (Table 6.6.). 
An alternative approach is (again) the use of surrogate dose-response models. For example, 
in the case of QMRA studies for ‘enteric viruses’, this group of diverse viruses were 
treated as a single pathogen with a given dose-response model, e.g., rotavirus (e.g. Tanaka 
et al. 1998; Barker-Reid et al. 2010), used in QMRA. Since rotavirus was considered at the 
time to be the most infectious water and foodborne virus for which dose-response 
information was available, its use in this modeling was justified as providing a plausible 
upper-limit to the risk estimates (Haas et al. 1993). However with the recent availability of 
dose-response models for norovirus based on human challenge studies, norovirus may be a 
better ‘reference’ viral pathogen in the future (Teunis et al. 2008; Mara et al. 2010). 
Another example is the use of the dose-response model of Shigella dysenteriae and 
Entamoeba coli as surrogates, respectively, for E. coli O157:H7 (Ottoson et al. 2011; 
Danyluk and Schaffner 2011) and Entamoeba histolytica (Ferrer et al. 2012). 
  
 
Table 6.6. Data needs identified to model the dose-response relation and identified approaches (using genuine data, surrogate (S) data or assumptions 
(A)) to deal with these data needs. 
Dose-response data on the pathogen under study 
(i) The use of dose-response models for the specific pathogen under study, that are based on: 
- information obtained during human feeding studies 
 
- data derived from epidemiological studies 
- animal experiments, if possible validated with outbreaks 
 
(ii) The use of surrogate dose-response models. E.g.: 
- To model the dose-response of ‘enteric viruses’, the group was treated as a single pathogen 
with  a known dose-response model. Generally the dose-response model of rotaviruses is 
used, as rotaviruses have a low infectious dose and as such represent a worst-case situation. 
 
 
- The use of the dose-response model of Shigella dysenteria as a surrogate for the dose-
response model of E. coli O157:H7. 
- The use of the dose-response model of Entamoeba coli as a surrogate for the dose-response 
model of Entamoeba histolytica. 
(iii) When no dose-response studies or estimates/surrogates for the dose-response model are available, the 
use of a worst-case situation can be appropriate. This worst-case situation can be modelled by e.g.  the 
use of the exact single-hit model with probability of infection =1 (r=1), which represents the maximum 
risk curve. 
 
e.g. Barker et al. (2013); NRMMC-
EPHC-AHMC (2006) 
 
e.g. Seidu et al. (2013) for E. coli 
O157:H7 
e.g. Tanaka et al. (1998); van Ginneken 
and Oron (2000); Petterson and Ashbolt 
(2001); Petterson et al. (2001); Hamilton 
et al. (2006a); Al-Juaidi et al. (2010); 
Barker-Reid et al. (2010); Munoz et al. 
(2010) 
e.g. Ottoson et al. (2011); Danyluk and 
Schaffner (2011) 
Ferrer et al. (2012) 
 









If no dose-response studies or estimates/surrogates for the dose-response relationship are 
available, a worst-case can be considered for modeling purposes. This was the case in the 
QMRA study done on Ascaris by Seidu et al. (2008). In this study, a worst-case situation 
was assumed by using the exact single-hit model with probability of infection equal to 1 
(r=1) (Teunis and Havelaar 2000). A different approach was undertaken by Navarro et al. 
(2009), who developed a dose-response model for Ascaris lumbricoides concerning 
likelihood of infection in children (under 15 years old) from crops eaten raw (irrigated with 
wastewater). In this case, prevalence data obtained from stools of a large number of 
children in the Mezquital Valley in Mexico were used in conjunction with assumptions 
(e.g. on consumption) and surrogate data (e.g. to estimate amount of water remaining on 
produce and hence crop concentration). This dose-response model was also used in several 
other QMRAs (Mara and Sleigh 2010a; Navarro and Jimenez 2011; Seidu et al. 2013). An 
overview of these approaches is provided in Table 6.6. 
In order to facilitate collection of data for dose-response modeling, most of the studies 
selected assumed that all strains of a certain pathogen are pathogenic/infectious to humans 
(e.g. Ottoson et al. 2011; Carrasco et al. 2010; Lim and Jiang 2013). This can be 
considered as a worst-case scenario as infectivity/pathogenicity for some microorganisms 
(e.g., Salmonella and E. coli) is indeed strain-specific (Ceuppens et al. 2011; Leimbach et 
al. 2013), and characteristic of the host (e.g., age, immune status, physical condition) 
(Kothary and Babu 2001). To take this into account, some studies have assumed 25% as a 
preliminary estimate for a reasonable range of the parameter values in infection probability 
for use in Monte Carlo simulation (e.g. Mara et al. 2007). For Listeria monocytogenes, a 
difference in susceptibility has been dealt with by using a different parameter values for 
high-risk and low-risk populations (Ding et al. 2013; Carrasco et al. 2010). The risk of 
cryptosporidiosis in immunocompromised people (such as HIV-infected individuals 
(Howard et al. 2006)) associated with park irrigation with reclaimed water was calculated 
assuming a minimum infective dose of 1/10 the dose for healthy individuals (Ayuso-
Gabella et al. 2011). Other strategies for inclusion of the immunocompromised 
subpopulation in dose-response modeling have been used in studies outside the scope of 
this review (e.g. Howard et al. 2006; An et al. 2011). 
A systematic assumption for dose-response models used in QMRA is that different 
exposure events are independent, hence there is no protective immunity in the target 
population (e.g. as mentioned by Ayuso-Gabella et al. 2011). This may be particularly 
important when using these models for estimating disease risk in developing countries, as 
the dose-response models for almost all pathogens are based on data collected from 





experience higher exposure to many pathogens, and consequently high levels of immunity 
to certain pathogens may develop early in life (e.g. HAV and enteroviruses) (Hamilton et 
al. 2006b). Navarro et al. (2009) discussed the applicability of using their Beta-Poisson 
dose-response model for A. lumbricoides that was based on underlying data obtained from 
children in a population in which Ascariasis was endemic. They brought up that this model 
might not be directly applicable to a healthy population considering underlying immunity 
in the test population. However, attempts have been made in a study outside the scope of 
this review to include the effect of population immune status in dose-response modeling 
(An et al. 2011; Teunis et al. 2002a). 
Another observation about dose-response models is that for most of the pathogens, dose-
response data are available for a single isolate only. Volunteer studies with different 
Cryptopsoridium parvum isolates indicates that different isolates may produce different 
dose-response data and functions (Teunis et al. 2002b). 
6.4.3. Expression of risk estimate and benchmarking to an acceptable level of 
protection 
Amongst the forty one QMRA studies analyzed, some benchmarked their outcome to a 
defined objective or acceptable level of protection, while others provided the comparison 
of the annual probability of infection or illness using various scenarios or risk mitigation 
strategies as an outcome. The former appears to be more common in QMRA studies 
dealing with water treatment or water quality relative to QMRA studies dealing with food 
(Table 6.7.). In QMRA studies elaborated from the water perspective, one often refers to 
the benchmark level of acceptable risk once defined by the US EPA in its Water Standards 
(US EPA 1989). The US EPA considered at the time one infection per 10,000 individuals 
in a given year (≤10-4 per person per year or abbreviated as ≤10-4 pppy) as a reasonable 
level of safety of drinking water. This number was derived in 1987 by determining the 
waterborne disease burden Americans already tolerated: the total number of reported cases 
of waterborne illness per year (then estimated to be 25,000) divided by the USA population 
(250,000,000 at the time) (Lechevallier and Buckley 2007). Another often cited acceptable 
risk level among the selected QMRA studies from a water microbiology perspective is 
limiting the maximum additional burden of water- and wastewater-related disease 
(provoked by use of reclaimed water) to 10
-6
 Disability Adjusted Life-Years (DALY) loss 
per person per year (pppy) (WHO 2004). The DALY metric has been introduced to enable 
comparison between the public health impact of various agents (e.g. microbial or chemical) 
and intervention options (Havelaar and Melse 2003). Both acceptable risk levels originate 
from WHO’s water guidelines, and are integrated in QMRA studies on the risk of 




consuming fresh produce irrigated with reclaimed water following the concept of the 
‘Stockholm Framework’. The ‘Stockholm Framework’ concept proposes that the tolerable 
health risks resulting from any water-related exposure (hence also irrigation water use in 
agriculture) should be the same (Fewtrell and Bartram 2001). 
Not all QMRA studies from a water microbiology perspective based their risk estimates on 
an acceptable risk level (e.g. Asano et al. 1992; Finley et al. 2009). The formulae of annual 
risk of infection or illness, or the calculated loss of DALYs pppy can be used to evaluate 
and quantify the risks associated with the use of certain types of irrigation water or the 
consumption of certain types of vegetables. But these formulae can also be used in a 
different approach, e.g. the translation of a tolerable risk level to operational targets, such 
as targets for the irrigation water quality or for the efficiency of implemented risk 
mitigation strategies. This approach is more useful for establishing operational health-
based targets (WHO 2006) and has been used in the report on Australian guidelines for 
water recycling (AGWR) (NRMMC-EPHC-AHMC 2006) and Stine et al. (2005b). 
Despite the fact that several papers refer to the tolerable health risk set by the WHO of 10
-6
 
DALY loss pppy, the DALY metric is generally not adopted. The reason for this is that the 
DALY metric requires additional information, such as the relationship between infection 
and illness, the disease burden, and the proportion of the population susceptible to 
developing disease following infection. A data gap identified in the selected literature is 
the absence of country-specific data for the calculation of disease burden (DALYs per case 
of illness of a certain pathogen). As such, epidemiological data needed for calculation of 
disease burden or values of disease burden itself are often obtained from other 
studies/countries and used as a surrogate for the situation under study (e.g. in Barker et al. 
2013; Ayuso-Gabella et al. 2011; NRMMC-EPHC-AHMC 2006; Drechsel and Seidu 
2011). This was also the case for those studies that calculated the tolerable annual illness or 
infection risk based on the WHO benchmark of acceptable risk (maximum additional 
burden of disease of 10
-6
 DALY loss pppy) (e.g. Lim and Jiang 2013; Mara and Sleigh 
2010b). Finally, disease burden estimates have not been reported for all pathogens and/or 
they cannot be easily determined. This is the case, for example, for enteric viruses which 
cause diverse symptoms ranging from mild to severe (Hamilton et al. 2006a). 
  
Table 6.7. QMRA studies with a Water-perspective that used one of the benchmark acceptable risk levels and their outcome. 
RA studies with W-background Outcome Used benchmark acceptable risk level 
Shuval et al. (1997); Tanaka et al. (1998); van 
Ginneken and Oron (2000); Hamilton et al. (2006a & 
2006b); Diallo et al. (2008); Munoz et al. (2010); 
Navaro and Jimenez (2011); Ferrer et al. (2012) 
Infection risk pppy US EPA benchmark ‘≤10-4 infection risk pppy’ 
Petterson et al. (2001a) Likelihood of infection (number of people/ 
10 000 exposed) 
Stine et al. (2005b); Stine et al. (2011) Maximum concentration of pathogens 
allowable in water to meet acceptable risk 
level 
Seidu et al. (2013) Number of days of irrigation cessation 
required to achieve annual tolerable infection 
risk 
NRMMC-EPHC-AHMC (2006) Health based log reduction targets WHO benchmark ‘≤10-6 DALY loss pppy’ 
Ayuso-Gabella et al. (2011); Barker et al. (2013) Annual burden of disease (DALY loss pppy) 
Mara et al. (2007); Bastos et al. (2008); Seidu et al. 
(2008); Al-Juaidi et al. (20101); Barker-Reid et al. 
(2010); Mara and Sleigh (2010b); Lim and Jiang 
(2013); Pavione et al. (2013) 
 
Infection risk pppy QMRAs that refer to the benchmark ‘≤10-6 DALY 
loss pppy’, but used as tolerable risk level a 
‘translated’ tolerable infection risk pppy of this 
initial tolerable risk level of ≤10-6 DALY loss 
pppy. 
E.g. a tolerable infection risk of 10
-3
 pppy for 
rotaviruses and Cryptosporidium and 10
-4
 pppy 
for Campylobacter (WHO (2006)). 
Forslund et al. (2010); Forslund et al. (2012) Disease risk pppy* 
* used a maximum permissible annual diarrhoeal disease risk of 1 x 10
-3
 pppy, derived from the WHO benchmark 10
-6




Table 6.8. Risk outcome of RA with solely a Food-background and their used ‘acceptable risk reference’. 
RA studies with solely 
F-background 
Outcome Used acceptable risk level 
Mota et al. (2009) Annual risk of infection from exposure to 
Cryptosporidium or Giardia through the consumption 
of tomatoes, or bell peppers, or cucumbers, or lettuce 
at the end they mention that the U.S. EPA recommends that 
drinking water not pose an annual microbial risk of infection 
greater than 10
-4
. But did NOT compare their risk estimates 
with this value. 
Carrasco et al. (2010) Mean number of cases of listeriosis per year in Spain 
due to ready-to-eat lettuce salads, and prevalence and 
concentration of the pathogen in the food at time of 
consumption. 
A desirable general goal was a level of 100 CFU/g in the 
product at the time of consumption (as in regulation (CE) N° 
2073/2005). 
Rodriguez et al. (2011) Estimates on concentration and prevalence of E. coli 
O157:H7 populations in commercially fresh-cut 
bagged lettuce (i.e. an exposure model).  
/ 
Ottoson et al. (2011) The probability of illness (Pill) and number of illnesses 
per 10 000 servings. 
Is absent, but is not relevant as the goal was to compare the 
relative difference due to different risk-mitigation strategies. 
Danyluk and Schaffner 
(2011) 
Number of illnesses / 
Ding et al. (2013) Contamination level of lettuce at the time of 
consumption, probability of listeriosis illness per 
person per day eating lettuce, annual probability of 
listeriosis illness for consuming lettuce per person and 
annual cases of listeriosis per year in Korea 
Compared contamination level of lettuce with food safety 
limit of L. monocytogenes on fresh produce fixed at 2 log 
CFU/g. 
Domenech et al. (2013) The mean, 5% and 95% percentile of probability of 
illness at home per person per serving depending on 
the initial load of lettuce at retail. 
To comply with the U.S. Healthy People 2020 initiative 
which aimed to reduce the rates of listeriosis by 50 percent it 
was calculated that the probability of illness must be less than 
1.32 x 10
-8
 listeriosis cases per serving to attain this level of 
protection. 
Puerta-Gomez et al. (2013) The probability of infection from a serving of ready-to-
eat spinach. 
Since more than 1% (i.e., 10
-2
) of probability infection is 
considered unsafe for food processors, this value was used as 







Arguments for making the current tolerable risk levels less strict are available in literature 
(Haas 1996; Mara 2011). Haas (1996) has argued that some key factors used for the initial 
computation of the 1:10 000 level of acceptable risk may not be accurate. For example, 
computation of the currently used risk level from the late 1980s appears to have arisen 
partly because at that time, the perceived waterborne disease rate was 1 case per 10 000 
people per year. But more recent assessments of the actual burden of waterborne illnesses 
appear to be much higher (Haas 1996; Colford et al. 2006). As such it may be that an 
annual risk of infection of 1 in 1000 (or even a less stringent risk level) is more appropriate 
than the current approach (Haas 1996). Mara (2011) advocates for lowering the benchmark 
of maximal additional burden of disease (a 10
-6
 DALY loss pppy) to 10
-4
 DALY loss pppy 
based on critical analysis of the basis from which the current benchmark is derived: i.e. US 
EPAs acceptance of a 70-year lifetime waterborne cancer risk of 10
-5
 per person (Mara 
2011).  
Several studies selected for this review objected to the use of stringent benchmarks of 
tolerable risk level. Lim and Jiang (2013) questioned the appropriateness of the US EPA 
≤10-4 infection pppy risk benchmark in their efforts to assess sustainable water practices, 
such as the use of rooftop-harvested rainwater, for unrestricted irrigation of home-grown 
vegetables. In the context of wastewater irrigation, Mara et al. (2007) proposed that a less-
stringent tolerable level for the risk of infection is of 10
-2
 pppy (i.e. once every 100 years, 
essentially once in a lifetime; or 1% of the community per year). This revised tolerable risk 
level was considered by several other studies (e.g. Barker-Reid et al. 2010; Pavione et al. 
2013; Seidu et al. 2013; Seidu et al. 2008). 
In food-oriented QMRA studies, benchmarking risk estimates to a tolerable risk target is 
uncommon, largely due to lack of an agreed upon set of food safety objectives or public 
health goals. In this review of QMRAs with solely a Food Science perspective, there was 
not even a standardized outcome expression for risk (Table 6.8.). For example, some 
studies calculated the number of illnesses to be expected from the consumption of a 
particular item among the population in a specific country/situation (e.g. Ottoson et al. 
2011; Danyluk and Schaffner 2011); others calculated the probability of illness per serving 
(Domenech et al. 2013). The use of tolerable or acceptable risk values continues to be 
hotly debated in food safety circles, but it should be noted that “acceptability” is not only 
based on scientific data, but also on social, ethical and economic considerations, and thus 
is part of Risk Management and not of Risk Assessment (Reij and van Schothorst 2000). 
This is reflected in the majority of QMRA studies from a food perspective and reflects the 
purpose of such assessments, which is frequently about comparing potential risk mitigation 
strategies rather than coming up with specific regulations. 




6.4.4. Risk Mitigation Strategies under consideration in selected QMRA 
studies and lessons learned 
QMRA can be used as a tool to assess the impact of different risk mitigation strategies. 
Once the ‘baseline’ model is constructed, different scenarios can be evaluated and their 
relative impact on exposure or illness can be calculated (CAC 1999). The use of sensitivity 
analysis has also been acknowledged as an appropriate tool to identify possible risk 
management options (e.g. in Carrasco et al. 2010; Lim and Jiang 2013), while scenario 
analysis is used to compare mitigation strategies (e.g. in Rodriguez et al. 2011). But still, in 
decision making it is important to bear in mind that constructing a QMRA will always 
include a minimum number of assumptions which will contribute to the overall 
uncertainty, and decrease the reliability of conclusions drawn. When possible, validation of 
a model should be attempted. Interestingly, only one study explicitly stated that the model 
was validated using experimental values obtained in laboratory settings that was not 
included in the model; this was done using Standard Error of Prediction (SEP) method 
(Rodriguez et al. 2011). Some other studies compared the obtained level of 
infection/illness probability or number of illnesses with the actual situation presented by 
country-/region-specific disease statistics (e.g. in Carrasco et al. 2010; Ding et al. 2013). In 
this section, risk mitigation strategies that were investigated at the farm level (including 
selection criteria for irrigation water), at processing, and at the consumer level will be 
covered. Subsequently the overall lessons learned from the selected QMRA literature 
concerning the use of water in the fresh produce supply chain will be discussed. 
At the farm level, different (waste)water treatment options were assessed to identify level 
of treatment necessary for irrigation of produce that is safe for human consumption (e.g. 
Munoz et al. 2010; Tanaka et al. 1998). Different types and contamination levels of 
(treated waste)water used for irrigation (e.g. Lim and Jiang 2013; Navarro and Jimenez 
2011; Barker et al. 2013), and different national (e.g. Ottoson et al. 2011) and international 
(e.g. Bastos et al. 2008) criteria for irrigation water quality have been evaluated for their 
impact on food safety. But QMRA has also been used to evaluate the impact of irrigation 
method (e.g. drip, furrow or overhead) (e.g. Stine et al. 2005b); identify an appropriate 
withholding period (e.g. Stine et al. 2005b; Ottoson et al. 2011; Barker-Reid et al. 2010); 
investigate the possibility of crop selection/restriction (e.g. Bastos et al. 2008; Stine et al. 
2005b); explore the use of biosolids having different microbiological contamination levels 
as soil amendments (Navarro and Jimenez 2011); and the value of microbiological criteria 
at primary production (Carrasco et al. 2010). In such studies, when the risk of different 
types of crops was compared, lettuce was frequently considered the most hazardous (e.g. 





At the processing level, the impact of washing and the use of disinfection treatments such 
as chlorination (Rodriguez et al. 2011) and ionizing radiation (Rodriguez et al. 2011; 
Puerta-Gomez et al. 2013) have been examined. Implementation of different sampling 
plans for batch acceptance by testing of final product (Rodriguez et al. 2011); reduction in 
maximum shelf-life indicated on package (Carrasco et al. 2010); a change in the packaging 
atmosphere (Carrasco et al. 2010); and the efficacy of cleaning and disinfection procedures 
(Rodriguez et al. 2011) on concentration and prevalence of pathogens or risk of illness 
have all been evaluated using QMRA. Carrasco et al. (2010) also modeled a hypothetical 
and ideal situation of 100% compliance with regulation (CE) N° 2073/2005, i.e. a 
concentration of Listeria monocytogenes in product at time of consumption of 100 CFU/g, 
as compared with the baseline model. 
At the consumer level, the effect of produce washing and/or disinfection at home (e.g. 
Ottoson et al. 2011; Barker et al. 2013; Domenech et al. 2013); and risk communication 
strategies to reduce the probability of consumption of RTE lettuce salads by high-risk 
populations (relative to listeriosis risk) (Carrasco et al. 2010) have been assessed using 
QMRA. Sensitivity analysis suggested limiting serving size/consumption rate (Carrasco et 
al. 2010; Lim and Jiang 2013) and better home storage temperature control as potential 
mitigations for listeriosis (Carrasco et al. 2010). However the former was not further 
considered because of the broad health benefits of fresh produce consumption (Lim and 
Jiang 2013). 
There are some key lessons learned from the selected QMRAs for each phase of the farm-
to-fork continuum. At the farm level, selection of an appropriate water source and/or 
degree of treatment for irrigation water is critical. For instance, in a study by Ferrer et al. 
(2013), the use of canal surface water (wastewater) in Thailand for the irrigation of raw 
vegetables proved to result in a yearly infection risk of 100% for Giardia and Entamoeba. 
Also, the use of rooftop-harvested rainwater in the USA for overhead irrigation of home-
grown lettuce, cucumber and tomatoes, led to unsatisfactory infection risks when 
compared to the US EPA risk benchmark (<1:10 000 pppy) for Salmonella spp. and 
Giardia lamblia (Lim and Jiang 2013). Barker et al. (2013) suggested three control points 
for domestic greywater reuse as irrigation water for home-produced fresh produce, being 
(i) appropriate choice of greywater source (bathroom water preferred above laundry 
water); (ii) “opting out” of greywater use on days when a household member is ill; (iii) the 
use of biocides (particularly in laundry water) could reduce microbiological contamination 
of greywater.  
Use of non-disinfected secondary treated reclaimed water for fresh produce irrigation leads 
to an unacceptable high annual risk of infections (Tanaka et al. 1998; Hamilton et al. 




2006a). Increasing the microbial removal efficiency of wastewater treatment is associated 
with a reduction in public health risk associated with fresh produce consumption (e.g. in 
Al-Juaidi et al. 2010; Pavione et al. 2013). Therefore, the use of a tertiary treatment step 
with disinfection was judged necessary to adequately manage infection risks of e.g. 
enteroviruses when eating fruits and vegetables (Munoz et al. 2010).  
In several QMRA studies, the objective was to set the health-based log reduction target 
necessary to meet a predetermined tolerable risk (e.g. in NRMMC-EPHC-AHMC 2006). In 
an Australian context, viruses required the highest (6.1) log10 reduction to meet the health 
target. This due to the high concentration of viruses in domestic wastewater, but also due 
to their low infectious dose compared to bacteria (reduction of 5.0 log10 Campylobacter 
was needed) and the high disease burden compared to protozoa (reduction of 4.8 log10 
Cryptosporidium was needed) (NRMMC-EPHC-AHMC 2006). These findings are 
consistent with the higher disease risk for viruses relative to other enteric pathogens 
generally obtained when QMRA was performed for different classes of pathogens (e.g. in 
Mara et al. 2007; Pavione et al. 2013; Bastos et al. 2008). However, this 6 log10 reduction 
required for e.g. enteric viruses does not solely have to be obtained using water treatment 
options, but other non-treatment options (e.g. different irrigation practices, implementation 
of a withholding period, post-harvest processing) can also be part of a multi-barrier 
approach (Drechsel and Seidu 2011). Stine et al. (2005b) used QMRA to help set irrigation 
water quality standards for enteric bacteria and viruses. When furrow irrigation was used 
for production of cantaloupe or lettuce (and a worst-case scenario in which produce is 
harvested and consumed the day after the last irrigation event and maximum exposure is 
assumed), 2.5 CFU/100 ml of Salmonella and 2.5 x 10
-5
 most probable number per 100 ml 
of hepatitis A virus would be the maximum concentration allowable in irrigation water to 
ensure an annual risk of ≤1:10 000 (Stine et al. 2005b). 
The second important factor at the farm level is the use of appropriate water application 
practices. Firstly, the selection of an appropriate type of irrigation method must be 
considered. Several QMRA studies modeled the impact of different irrigation practices 
(e.g. Stine et al. 2005b; Van Ginneken and Oron 2000; Al-Juaidi et al. 2010). Only a 
minority were actually based on experimental studies (e.g. Stine et al. 2005b). The study 
by Stine et al. (2005b) suggested that subsurface drip irrigation reduces the risk of crop 
contamination compared with furrow irrigation. However, the impact of irrigation method 
on microbial contamination can be crop-specific. For instance, contamination of fresh 
produce by contact with irrigation water can be dependent on the physical properties of the 
edible portion of the plant, such as surface texture, and the location of the edible portion of 





crops represent different soil-effluent-plant contact situations (Bastos et al. 2008; Pavione 
et al. 2013). For example, in contrast to cantaloupe and lettuce, no microorganisms (PRD1 
phage or E. coli) could be detected on bell peppers after subsurface drip or furrow 
irrigation, which is a typical example of a crop growing relatively high above ground 
(Stine et al. 2005b). Comparatively speaking, lettuce has the highest infection risk (e.g. in 
Hamilton et al. 2006a; Bastos et al. 2008; Mota et al. 2009; Lim and Jiang 2013) due to its 
relatively high water retention rate. Consequently, crops selection has been identified as an 
effective complementary health hazard control measure (e.g. Bastos et al. 2008). 
Another aspect of water application practice is the selection of a withholding period. 
Generally a withholding period has a positive influence on risk and has been identified as a 
risk mitigation strategy (e.g. in van Ginneken and Oron 2000; Hamilton et al. 2006a). 
However, the magnitude of the influence of the withholding period is dependent on the 
environmental conditions, the quality of the water used, and the pathogen of interest 
(Hamilton et al. 2006a), as some pathogens have a relatively long survival time in the 
environment (e.g. Ascaris lumbricoides and protozoa) compared to others (e.g. 
Campylobacter). 
In addition to irrigation, water can also be used for delivery of e.g. pesticides in the form of 
a spray whereby the spray can make direct contact with the edible portion of the plant, 
serving as a source of pathogen contamination. Hence, pathogen concentrations in water 
used for e.g. pesticide dilution should also be contained in order to comply with acceptable 
risk levels (Stine et al. 2011). 
At the processing level, water can be part of a risk reduction strategy, but when no 
appropriate sanitizer is used, can contribute to cross-contamination (discussed in Chapter 
5). Several studies included washing for risk reduction during processing (e.g. Carrasco et 
al. 2010; Puerta-Gomez et al. 2013). However, commonly used packinghouse practices 
(water washing, and liquid sanitization treatments using chlorine) are not adequate to 
ensure the safety of the produce when initial or cross-contaminated microbial loads are 
elevated (Puerta-Gomez et al. 2013). Generally, washing results in a microbial reduction of 
ca. 1-2 log10 (Lopez-Galvez et al. 2009), remembering that the washing step has also been 
identified as a possible route of cross-contamination. The model of Danyluk and Schaffner 
(2011) predicts that a majority of simulated cases of illnesses in the 2006 E. coli O157:H7 
spinach outbreak arose from leafy greens cross-contaminated during washing. In a study 
by Rodriguez et al. (2011), a noticeable reduction in the number of lettuce bags 
contaminated with E. coli O157:H7 resulting from cross-contamination was obtained when 
preserving a concentration of 50-200 ppm of chlorine in the washing bath, when compared 
to the baseline scenario which did not include any intervention step. However, if the initial 




batch entering the production line was highly contaminated (e.g. 100 cfu/g), chlorination 
(200 ppm) was not as effective in reducing cross-contamination compared to the scenario 
of a lower contaminated initial batch. Even when all possible interventions were performed 
(e.g. washing with chlorine, irradiation, sampling plans), there remained a small 
probability of E. coli O157:H7 contamination, confirming that zero risk does not exist.  
Traditionally, microbiological criteria have been established to improve food safety. 
However, it has been suggested that these are less effective at managing risk when low 
levels of contamination are considered, which is the most likely situation under most field 
and processing conditions (Rodriguez et al. 2011). Carrasco et al. (2010) suggested that 
other measures such as the use of a modified atmosphere packaging, or reduction of the 
product’s shelf-life may be more effective in reducing the number of listeriosis cases, for 
example, associated with consumption of ready-to-eat lettuce salads in Spain. 
Finally, at the consumer level, several QMRA studies have identified produce washing as 
an important intervention step for lowering enteric disease risks associated with the 
consumption of fresh produce (e.g. Navarro et al. 2009; Ayuso-Gabella et al. 2011; 
Domenech et al. 2013). For example, in the QMRA model of Ottoson et al. (2011), rinsing 
for 15 s under running tap water gave rise to an average six-fold reduction in the risk of 
illness associated with E. coli O157 contaminated lettuce. In an Australian study, washing 
of lettuce was estimated to reduce the burden of NoV illness due to home-produce lettuce 
consumption (irrigated with greywater) by ca. 1.5-2 log10 DALYs pppy (Barker et al. 
2013). 
6.4.5. Further perspectives in risk assessment related to use water and safety 
of fresh produce  
From a public health point of view, the disease syndrome (e.g., gastroenteritis or diarrheal 
disease) may be of greater interest than a specific cause of disease (e.g., noroviruses). In 
this case, a multi-risk assessment approach is sometimes undertaken. For example, Diallo 
et al. (2008) developed a risk assessment that included Cryptosporidium, Giardia and 
diarrhegenic Escherichia coli to assess the infection risk of diarrhea-related pathogens in a 
tropical canal network. The choice of pathogens was justified as these were estimated to be 
the etiological agents responsible for ~47% of diarrhea in Thailand. Unfortunately the risk 
for infection with these pathogens by consumption of 100 g of irrigated vegetables was 
assessed individually and not combined. In literature outside the scope of this review (e.g. 
de Man et al. 2014), there are examples in which health risk due to ingestion of urban 
floodwater was assessed by determining the risk of infection for a set of waterborne 





exposure event was calculated and comprised the risk of infection with Campylobacter 
jejuni and/or Cryptosporidium and/or Giardia spp., and/or noroviruses, and/or 
enteroviruses. The use of the DALYs approach for these purposes has also been proposed, 
as this possesses the flexibility to aggregate all the risks presented by different pathogens 
to one single DALYs value (Lim and Jiang 2013). 
To assess the risk on human health due to consumption of e.g. vegetables irrigated with 
(treated) wastewater, ideally both chemical and microbiological risks should be assessed 
simultaneously and perhaps cumulatively. In a study by Munoz et al. (2010), both chemical 
and microbiological (enteroviruses) risks are evaluated in parallel. The possibility of 
analyzing these risks from a cumulative point of view using the concept of disability 
adjusted life years (DALYs) was stated, but it was concluded that this was not possible due 
to lack of available DALY values for many microorganisms as well as for the organic 
pollutants included in the study. 
When evaluating (treated) wastewater as a water source for irrigation and hence 
contamination, intake of more than one produce type would be relevant. This approach can 
be referred as multi-source exposure calculations. An example of this approach is provided 
by Pavione et al. (2013). These investigators calculated the risk of infection for each of the 
reference pathogens (rotavirus, Campylobacter, Cryptosporidium) by consuming low-
growing salad crops and high-growing crops. Each of these groups consisted of various 
kinds of vegetables of which mean consumption data per person per day was available. 
Exposure to pathogens (e.g. present in wastewater) can occur via multiple pathways. When 
risk of infection by multiple pathways is estimated as a single risk outcome, the process 
can be defined as multi-pathway risk assessment. An example can be found in a QMRA 
study done by Seidu et al. (2008). These investigators examined the risk of exposure 
associated with consumption of wastewater-irrigated lettuce, but also the risk from 
exposure of farmers’ due to both accidental ingestion of irrigation water and contaminated 
soil. The latter resulted in a combined annual risk of infection from exposure to wastewater 
and contaminated soil for the farmers. Note that these multi-hazard, multi-pathway and 
multi-source QMRAs are a relatively new approach and will need further development to 
expand their usefulness.  





The use of QMRA to manage fresh produce safety risk is complicated by a vast number of 
produce items, production/processing conditions, as well as the lack of supporting data. 
Still, the selected QMRA studies discussed here demonstrate its use in specific situations, 
in some instances in support of decision-making on the use, quality and treatment of water 
used across the fresh produce supply chain. Overall having analyzed the selected QMRA 
studies it can be concluded that viruses often resulted in the highest risk estimates and 
leafy greens were the commodity of greatest concern. With regard to other aspects on the 
use of water in the fresh produce chain, cultural differences in food preparation, the 
susceptibility of different populations and regional variation in the prevalence and 
concentration of pathogens in (waste) water and environmental conditions means that the 
results obtained by one QMRA study cannot always be translated to other situations or 
regions.  
There are many sources of uncertainty that might arise from inputs to a risk assessment, 
e.g., measurement errors, sampling errors, systematic errors, estimated (using surrogates) 
or excluded variables, incorrect model forms and abnormal conditions (Haas et al. 1999). 
The QMRA models are constructed based on the best knowledge and available information 
(parameters and data) at the time of development. For example QMRAs that make use of 
ratios to estimate the concentration of pathogens in water may need to be revised if better 
data become available. Especially for uncultivable viruses such as NoV the performance of 
a well-funded QMRA is challenging. Since not only is there an apparent lack of relevant 
data on prevalence and concentration of the relevant enteric virus in the environment or 
food, but also data interpretation is complicated since the detected genomic copies are not 
necessarily infectious. As detected RNA could originate from defective virus particles. 
Also the frequent use of surrogate data concerning inactivation and persistence, and the use 
of assumptions mount up to a high level of uncertainty when enteric viruses are the 
pathogen under study. It should also be noted that only two of the 25 studies that included 
viral pathogens focused on NoV, while NoV are identified in this PhD study as the most 
relevant viral pathogen concerning fresh produce. Hence a change in focus and collection 
of more relevant data is needed.  
QMRA studies are particularly useful in evaluating different control scenarios, but as the 
outcomes rely partly on assumptions, results should be interpreted as an indication of the 
level or degree of safety and not as absolute values. Still, the outcomes of these exercises 
can be used to guide the risk management in preventing contamination, controlling it if it 
occurs, and identifying areas in need of further research or data collection. Overall, the use 





and levels of pathogens in irrigation or processing water for the fresh produce in certain 
regions. Drawbacks are however, capacity and knowledge to perform the QMRA and the 




























7. GENERAL DISCUSSION, CONCLUSIONS AND 
RECOMMENDATIONS 
7.1. RELEVANCE OF NOROVIRUSES IN FRESH PRODUCE 
NoV are responsible for 47-96% of all reported acute gastroenteritis outbreaks in countries 
all around the world (Atmar and Estes 2006). However the majority of NoV outbreaks is 
due to person-to-person transmission, mostly situated in health care institutions. Only a 
fraction, approximately 22% of NoV outbreaks, is due to foodborne transmission (Hall et 
al. 2014; Verhoef et al. 2009). The most common contributing factor to NoV food 
contamination is the infected food handler (EFSA and ECDC 2014; Hall et al. 2014). As 
such, in the USA infectious food workers were implicated as the source of contamination 
in 70% of NoV foodborne outbreaks (FBO) that reported contributing factors (Hall et al. 
2014). The importance of the food handler is also demonstrated in statistics that present the 
most popular settings and the most identified food vehicle in NoV FBO. As such, in the 
USA 64% and 17% of NoV FBO (2009-2011) found place in restaurants and catering or 
banquet facilities, respectively (Hall et al. 2014), and the most frequently identified food 
vehicles in NoV FBO in e.g. the EU (2012) were mixed food (33.0%) and buffet meals 
(20.6%) (EFSA and ECDC 2014). However, still an important part of NoV FBO can be 
linked to specific food commodities for which contamination can occur further down the 
food chain, up to the point of origin. The latter is especially relevant for e.g. shellfish 
grown in fecal contaminated waters and frozen berries contaminated by infected pickers. 
NoV FBO can also be divided in outbreaks due to Food of Animal origin (FoAO), that are 
mostly linked to contaminated shellfish, and outbreaks due to Food of Non-Animal Origin 
(FoNAO). In Europe (2007-2011), NoV outbreaks due to FoNAO (n=75) were mostly 
attributed to contaminated fresh or frozen soft berries (29/75, 39%) and leafy greens eaten 
raw as salads (24/75, 32%). In general outbreak statistics for FoNAO in Europe (2007-
2011), NoV were identified as the top cause of outbreaks (n=75), responsible for 34% 
(75/219) of all outbreaks due to FoNAO (EFSA 2013). 
In the present PhD project the focus was put on the food safety issue of NoV in foods of 
non-animal origin, in particular berries and leafy greens.  
 
Despite the well-deserved notorious reputation of NoV among FBO specialists, public 
awareness of this viral threat, and overall food safety issues with microbiological hazards 
in fresh produce, was almost non-existent at the start of this PhD project in August 2010. 
However, the latter has changed during the course of this PhD thesis as the European 
public was informed on the implication of fresh produce as a potential source of foodborne 





NoV this was reinforced by a massive NoV outbreak affecting over 10 000 schoolchildren 
in 2012 due to contaminated strawberries as well as by rapid alerts and media attention due 
to the recent outbreak due to HAV in soft red fruits all over Europe (2013-2014) (EFSA 
2014; Mäde et al. 2013). 
 
Increasing linkage of NoV and fresh produce such as soft red fruits and leafy greens has 
prompted an increase in analyses performed in several countries, giving a boost in the 
number of RASFF alerts on NoV. Furthermore import requirements concerning 
strawberries from China, have been imposed since January 2013 following the large NoV 
outbreak in Germany 2012, enforcing to sample 5% of consignments of (frozen) 
strawberries imported from China into the EU to be tested for the absence of NoV and 
HAV in 25 g (n=5, c=0) (Anonymous 2012a). These import requirements represent the 
first regulation to specifically incorporate the sampling and testing for NoV and HAV in 
foods and hence stating that these pathogens should be absent in food.  
On a European level the interest in soft fruits and leafy greens as vehicle for FBO due to 
NoV is also demonstrated by the recent publication of two scientific opinions by EFSA, 
the European Food Safety Authority, on Salmonella and Norovirus in berries (EFSA 
BIOHAZ Panel 2014a) and Salmonella and Norovirus in leafy greens (EFSA BIOHAZ 
Panel 2014b). 
 
The increasing recognition of the relevance of NoV in food and fresh produce is also 
noticeable in the number of international and national research project devoted to the topic 
of NoV or that included NoV as a relevant foodborne pathogen. As such, capacity building 
and data gathering concerning NoV in fresh produce was the goal in several European 
projects, e.g.: COST 929 – ENVIRONET (2006-2010), VITAL (2008-2011, FP7, Grant 
no. 213178), BASELINE (2009-2014, FP7, Grant no. 222738). The present PhD thesis was 
possible because of an IWT personal scholarship grant but also due to partial funding from  
the European project Veg-i-Trade (2010-2014, FP7, Grant no. 244994) and the SPF Public 
Health project TRAVIFOOD. Also in the USA large budgets are reserved for NoV 
research, as the USDA’s largest grant ever for food safety, comprising $25 million, has 
been assigned to the project NoroCORE (2011-2016), a research project on Norovirus 
Collaborative for Outreach, Research, and Education (website: http://norocore.ncsu.edu/). 
Extensive research has resulted in an exponential increase in published data concerning 
detection, persistence, inactivation, removal and presence of NoV in fresh produce. In 
Chapter 1 of this PhD thesis an effort was made to give an extensive overview of the 
literature concerning the prevalence and transmission of NoV in the farm-to-fork chain of 
fresh produce and the relevance of NoV as foodborne pathogen in fresh produce. 





In conclusion, the FBO events of the last years and resulting media attention in 
combination with an increasing body of literature on the prevalence, concentration and 
transmission of NoV in the fresh produce chain, ensure that the topic of this PhD thesis can 
be considered highly relevant and timely.  
 
7.2. CHALLENGES AND UNCERTAINTIES RELATED TO NOROVIRUS 
DETECTION, INTERPRETATION AND CONTROL 
When striving for a holistic approach to study and to understand NoV in a farm-to-fork 
chain, one is confronted with several uncertainties, as was the case during this PhD study 
concerning the two case studies lettuce and raspberries. These uncertainties and hence 
challenges are schematically depicted in Figure 7.1. and will be discussed in this 
paragraph. 
Note that in this PhD study ‘NoV detection’ implies the detection of human infecting NoV 
of GI and GII. Human NoV of GIV were not considered during method evaluation 
(Chapter 2 & 3) and screening (Chapter 4) in this PhD study, since the most relevant 
human NoV causing FBO are considered to be GI and GII human NoV. Inclusion of GIV 
human NoV in method evaluation would have been very challenging as fecal samples of 
this rare genogroup would have been needed for inoculation and in case of screening, 
detection of GIV human NoV would have requested an additional real-time PCR reaction 
step with specific primers and probes. Given that GIV has to the best of my knowledge not 
yet been linked to a FBO, inclusion of GIV human NoV was not considered relevant for 
this PhD study. Moreover also the current ISO/TS 15216-1 method for detection of NoV in 





Figure 7.1. Mapping the uncertainties and linked challenges concerning the study of NoV in a farm-to-fork chain. These uncertainties are interconnected as they 
have impact on each other. Examples of such relations are represented by arrows. pLOD: practical limit of detection; E. coli: Escherichia coli. 




In contrast to classic bacteriology, detection of enteric viruses such 
as NoV is based on the detection of nucleic acids (RNA) due to the 
unavailability of an appropriate cell culture assay for NoV 
detection. Hence molecular methods are needed among which RT-qPCR is considered to 
be the gold standard. However the major drawback related to molecular methods is the 
inability to differentiate between RNA detected from infectious viral particles, 
defective viruses and free RNA. This is an important issue as it has been unequivocally 
demonstrated that the RNA associated with inactivated viruses remains detectable by 
nucleic acid amplification long after viral infectivity has been lost (Baert et al. 2008d; 
Knight et al. 2013). Therefore the ‘history’ of the analyzed samples, e.g. performed 
treatments such as High Pressure Processing (HPP), heat treatment and irradiation, should 
be taken into account during analysis of the results obtained by RT-qPCR. Hence 
interpretation of results based solely on the presence of nucleic acids does imply some 
uncertainty concerning the related health risk. This further complicates legal 
implementation and enforcement of microbiological criteria concerning foodborne viral 
pathogens such as NoV and HAV. 
 
As a solution for lack of a cell-culture, prediction of NoV infectivity has been attempted 
using assays to measure the integrities and/or functions of viral RNA molecules and capsid 
proteins, which are the two essential parts for an intact and infectious virus particle (Knight 
et al. 2013). As such, in literature several inactivation studies are available for human NoV 
using these assays, e.g. use of porcine gastric mucin-conjugated magnetic beads (PGM-
MBs) by Dancho et al. (2012), and long-range and binding RT-qPCR assay have been used 
in our lab at Ghent University on positive raspberry samples identified in the batch 
screening in Chapter 4 (reported by Li et al. 2014a). Using these assays, Li et al. (2014a) 
demonstrated the abundant presence of NoV particles with intact receptor-binding sites and 
a large part of complete genome in the positive NoV samples of Company A (i.e. 
mixed/minced raspberries intended for production of puree). However, these alternative 
assays are not yet satisfactory and should be validated with human infectivity studies for 
each inactivation method as different inactivation methods can have different effect on 
nucleic acids and/or capsid proteins and hence not each assay is appropriate for detecting 
all types of inactivation mechanisms. For example when using a PGM-MB binding assay 
this assay exploits the loss of virus binding ability to porcine gastric mucin as means of 
eliminating virions that have been rendered noninfectious by capsid damage from 
subsequent RT-PCR assay. However, next to the inability to assess damage to nucleic 
acids it is highly possible that not all forms of protein or capsid damage possibly leading to 





virus inactivation will prevent porcine gastric mucin (PGM) binding and hence will be 
detected by this assay (Kingsley et al. 2014).  
As such, due to remaining uncertainties and the fact that conducting these assays could 
result in a higher LOD and is even more laborious and time consuming, these assays have 
not yet been used in screening situations. Hence continuous effort should be done to find 
an appropriate and validated cell culture assay for NoV to tackle this major uncertainty 
concerning health risk. 
 
Since the boom in molecular methods in the 90s the 
detection of ‘non-culturable’ NoV in small quantities 
as present in food became possible. However 
research on NoV extraction and concentration has of old focused primarily on water 
matrices and on shellfish and hence the development of extraction methods for matrices 
such as ready-to-eat food and fresh produce only started 10 to 15 years ago. As such 
current extraction methods are relatively new. To put into perspective, in Belgium 
detection methods for foodborne NoV were only implemented in national reference 
laboratories since 2006, coinciding with the first PhD project on NoV detection in food of 
our Ghent University Department of Food Safety & Food Quality by dr. Leen Baert (Baert 
2009). However since the implementation of the detection protocol NoV has become one 
of the most frequently detected foodborne pathogens in verified FBO in Belgium i.e. 
associated with 7/27, 2/28, and 9/32 of characterized outbreaks reported in 2010, 2011, and 
2012, respectively (FAVV 2014). 
 
As a result of efforts made within various EU projects, between reference laboratories and 
within the European Committee for Standardization/Technical Committee/working Group 
6/Task Group 4 on virus detection in food (CEN/TC275/WG6/TAG4), in July 2013 an ISO 
Technical Specification (TS) was launched for the determination of HAV and NoV in soft 
fruit and salad vegetables, bottled water, bivalve molluscan shellfish, and on food surfaces, 
using real-time RT-PCR (RT-qPCR) (ISO/TS 15216-1:2012) (Anonymous 2012c). This is, 
however, still a technical specification, meaning that further improvements to the proposed 
protocols can still be inserted, and as such further research into these detection protocols 
can contribute to a better proposal, and over time, an optimized international standard. The 
availability of an ISO protocol, even though the methods are not perfect, is anyway a 
significant step forward as it allows to assess newly proposed methods in a more 
standardized way by comparing the new proposal to the ISO (e.g. in Coudray et al. 2013). 
The provision of an ISO/CEN reference method also provides an overall accepted method 
STANDARDIZED  DETECTION 




for competent authorities and companies and service laboratories to use. It facilitates an 
equal playing ground for NoV testing in (international) trade and enhances harmonized 
collection of NoV data in monitoring and surveillance programs with inclusion of the 
necessary controls. 
 
At the start of this PhD project, the literature was explored for methods qualified for the 
examination of the whole farm-to-fork chain of fresh produce with relevance to the 
presence of foodborne viruses. An in-house detection method for viral detection in fresh 
produce, developed and tested during previous PhD research at our lab in Ghent University 
(Baert 2009; Stals 2011), was already available and in agreement with the detection 
strategy proposed in the CEN protocol. Hence this in-house detection method was used for 
detection of NoV in the two case studies of this PhD thesis, i.e. raspberries and lettuce. 
Despite the identification of irrigation water as a transmission route for NoV contamination 
of fresh produce the former CEN protocol and the current ISO/TS 15216-1 protocol 
consistently lack in description of methods for the detection of foodborne viruses such as 
NoV in irrigation waters and process water. Although there is a need for detection 
methods for viruses in non-potable waters such as surface water, collected rainfall water 
(to be used as irrigation water) or food processing water for pro-active testing in the frame 
of assessing the use of clean water in the framework of good agricultural or good 
manufacturing practices. Detection methods in (surface)water would also enable to collect 
data up front in the food supply chain to use for risk assessment studies or to enable source 
tracking in the frame of a preventive approach. The ISO/TS 15216-1 protocol primarily 
focuses on food and hence only a viral concentration method for bottled water is included. 
Also in literature it was apparent that the primarily focus of studies and protocols for the 
detection of viruses in water at that time was rather on source water for drinking water 
production, wastewaters and recreational waters but not that much on water sources used in 
the fresh produce supply chain. Hence in Chapter 2 of this PhD study the performance of 
four methods for detection of foodborne viruses and surrogates were compared in four 
different irrigation water types (2-5 Liter samples) and in post-harvest washing water used 
in the fresh-cut produce industry (1 Liter samples). The selected viral concentration 
method consisted of an electronegative membrane in combination with an alkaline elution 
buffer based on Triton X-100 (a surfactant) and a secondary concentration method based 
on precipitation with PEG. This method termed ‘Method 1’, based on Hamza et al. (2009) 
and Katayama et al. (2002), obtained mean sample recovery efficiencies for MNV-1 
between 4.8% - 21.9% depending on the type of water matrix, and obtained similar 






Also in case of FBO investigations (Boxman et al. 2011) and in the framework of a 
preventive approach it can be useful to do environmental testing. In Chapter 3 an 
improvement is proposed to the currently applied ISO/TS 15216-1 for the analysis of 
surfaces using swabs as implement. Both the selected method for detection in water and 
the improved semi-direct swab lysis protocol were applied in the Veg-i-Trade project. 
 
During this PhD research, experience was acquired in performing viral extraction methods 
from different matrices and some concerns on the standardization of currently proposed 
viral extraction methods (ISO/TS 15216-1) were identified. As such, the sample recovery 
efficiency (SRE) of a method is influenced by several factors including the efficiency of 
the virus elution from the berries, the virus concentration, and the RNA extraction. 
However also the food/water matrix, the virus type (Dubois et al. 2002) and viral 
suspension used can have an effect on the SRE. The latter was suggested in Chapter 4 as a 
possible reason for the difference in SRE obtained with two seemingly similar batches of 
PC virus. This has also been suggested in literature for detection in water (Gassilloud et al. 
2003; Haramoto et al. 2007) and food samples (Sanchez et al. 2012), since a virus 
suspension may contain free RNA molecules and defective particles that are detected in the 
positive control if submitted to RNA extraction alone. Whereas in food and water samples 
those free RNAs and possible also the defective particles are most likely lost during the 
concentration step (Sanchez et al. 2012). Hence differences in virus particles to genomic 
copies ratio in the viral suspension used as PC can lead to heterogeneity of obtained SRE 
even though a similar detection strategy was implemented. As such in Chapter 4 a proposal 
for more research on the impact of PC batch quality is requested to further verify this 
hypothesis and to enable the independent production of reliable quality control materials 
needed for better benchmarking of the resulting SRE between analyses. Also the 
availability of reliable nucleic acid quantification standards, which require a minimum 
of handling to minimize variations, is challenging. The availability of reliable quality 
control materials, has also been identified in the recent EFSA opinion on NoV in leafy 
greens as a necessary prerequisite before there can be complete confidence in the 
concordance of results within and between laboratories (EFSA BIOHAZ Panel 2014b). 
However, despite the availability of standard material for quantification in a recent EU 
reference laboratory proficiency test (PT 46) for detection of NoV and HAV in shellfish, 
quantification of a LENTICULE
TM
 disc still resulted in a highly variable outcome which 
ranged up to 3 log10 units difference among participating labs (Cefas 2013). This indicates 
that exact and reliable quantification is still a challenge, even in reference laboratories. 
Next to variability in quantification, variability in obtained SRE within and between labs 
is also observed. The variability in SRE obtained during different experiments/studies at 




this lab is illustrated in Table 7.1. Also in literature high standard deviations are observed 
during sample analysis (e.g. SD of 32.7% for detection PC (bovine enterovirus type 1) in 
lettuce and SD of 20.9% for detection PC in red fruits in Loutreul et al. (2014)). Hence 
further standardization of both sample preparation as well as the detection step and the 
necessary controls is required to further improve the accuracy of NoV quantification in 
food and environmental samples and hence improving concordance of results between 
laboratories. However note that greater harmonization would not necessarily result from 
application of the ISO technical specification alone as this ISO/TS allows the use of e.g. 
different kinds of RNA extraction methods/reagents and different kinds of qPCR detection 
reagents and possibilities (1-step/2-step). Remark also that international inter-laboratory 
validation of the ISO/TS 15216-1 method is still pending (Cefas 2014). Hence the range of 
possible variation in outcome when different labs interpret and implement this ISO method 
in order to detect NoV is not fully investigated and understood. This information is 
however needed, together with information on the practical limit of detection and limit of 
quantification of these methods that should be demonstrated by a collaborative trial or 
validation. 
 
Public awareness and increasing linkage between viral pathogens and certain fresh produce 
commodities such as soft red fruits, has put pressure on the availability of the detection 
methods. As such a method that was until recently only applied in research, is now widely 
requested in relation to import controls and commercial supplier agreements. With an 
ISO/TS only just in circulation it is important that sample analysis facilitating labs possess 
the right skill set, experience, and have properly validated the detection strategy for 
internal use of the standard in their specific lab. To assure accuracy, the detection strategy 
demands the inclusion of several controls such as a process control to control the sample 
extraction efficiency, amplification control, and controls to control for good practices (i.e. 
no contamination). However extra care should be considered in relation to false positive 
results due to cross-contamination since molecular methods are particular prone to 
contamination. The detection of false positive IQF raspberry samples in Chapter 4 upon 
sequencing of the amplicons indicated that even in situations of adherence to good 
laboratory practices, one must be vigilant of the possibility for cross-contamination since 
contamination can occur randomly and hence cannot be excluded or necessarily detected 
by the use of negative controls. Also other labs experience cross-contamination since in the 
EURL proficiency testing (PT 46) the false positive reporting rates for GI and GII NoV 




Table 7.1. Sample recovery efficiency for detection of MNV-1 as process control (PC) or reverse transcriptase control (RTC) obtained in this lab. 
 Description of analyzed samples Dilution  PC recovery RTC recovery Reference 
Water 
(Figure 7.2) 
Open well water (5L, Method 1)    (n=3) 1/667 4.8% ± 2.9% / Chapter 2 (in 2011) 
Open well water (2-5L, Method 1) (n=27) 1/667 
1/6667 
1.5% ± 1.5% 
3.0% ± 3.1% 
/ 
/ 
Veg-i-Trade (in 2012) 
Raspberries  Raspberry puree (10g) Poland (n=70) 1/500 4.7% ± 4.2% 40.2% ± 16.6% Chapter 4 (in 2013) 
(Figure 7.3) Raspberry IQF (10g) Poland        n=45 (9 batches) 
                                                      n=15 (3 batches) 
1/500 
1/500 
2.4% ± 2.6% 
28.7% ± 7.0% 
75.7% ± 20.0% 
86.9% ± 36.1% 
Chapter 4 (in 2013) 
  Differences in SRE due to use of different PC aliquot batches. 
 Frozen raspberries (10g) Serbia (n=60) 1/500 3.0% ± 2.5% 95.2% ± 8.3% Veg-i-Trade (in 2013) 
 Company analysis IQF raspberries (10 g) (n=12) 1/50 19.2% ± 7.9% 64.3% ± 34.1% Company X (in 2011) 
 Company analysis raspberries (10g), Spain (n=3) 1/67 18.7% ± 1.6% 43.0% ± 28.4% Organization Y (in 2011) 





































































































 and tLOD of the method. This detailed reporting, in combination with 
correct interpretation of controls and a not-straight forward interpretation of the data due to 
current limitations of the applied molecular methods ensures that detection of foodborne 
viruses is a work of specialists with relevant know-how and background, and can only 
be carried out in highly specialized laboratories. 
 
The combination of the use of molecular detection 
methods such as RT-qPCR and the importance and 
complexity of the sample preparation step to 
accurately concentrate the viruses and purify the nucleic acid extracts, ensures that NoV 
detection is very laborious and expensive compared to detection of bacteria. Since the 
detection protocol requires expensive equipment such as centrifuges and real-time PCR 
equipment and the use of costly consumables and kits. This also had a repercussion on the 
availability of accurate data related to the natural prevalence of NoV in food and 
environment in non-outbreak situations, which is still rather limited in particular for leafy 
greens and berries (as also noted in Table 1.2. in the literature study). 
 
During this PhD project NoV were detected in river water samples used for evaluation of 
viral concentration methods in Chapter 2. Also in the frame of the Veg-i-Trade project the 
methods selected during this PhD project were implemented during field studies and NoV 
GI were detected in 4/27 pooled lettuce samples (authenticity amplicons confirmed by 
sequencing), however no irrigation water samples (0/27) and hand swabs (0/21) were 
found positive during this open field lettuce sampling in 2012. Positive batches of frozen 
raspberries were identified in Chapter 4. These results unequivocally demonstrate the 
presence of NoV in fresh produce and water samples in Belgium unrelated to any known 
or reported foodborne outbreak. The nature of the contamination event (by e.g. 
contaminated hand, irrigation water) and the inability of the virus to grow outside their 
specific host cells, suggest that viral contamination in food products can be very low and 
can be very heterogeneously distributed. These observations explain at once the main 
                                                 
1
 pLOD, or practical limit of detection, is defined by ISO/TS 15216-1 as the lowest concentration 
of target in a test sample that can be reproducibly detected (95% confidence interval) under the 
experimental conditions specified in the method, as demonstrated by a collaborative trial or 
validation. NOTE the pLOD is related to the test portion, the quality or quantity of the template 
RNA, and the tLOD (theoretical LOD) of the method. 
 
2
 LOQ, or limit of quantification, is defined by ISO/TS 15216-1 as the lowest concentration of 
target in a test sample that can be quantitatively determined with acceptable level of precision and 
accuracy under the experimental conditions specified in the method, as demonstrated by a 
collaborative trial or other validation. 





limitations of currently applied batch testing regimes for detection of viruses in fresh 
produce for e.g. the purpose of import and export certification testing, compliance testing, 
and commercial supply agreements. In Chapter 4 of this PhD thesis a multi-sample 
approach was applied for frozen raspberries as currently performed for batch testing of 
imported frozen strawberries from China. Limitations of this batch testing approach in 
assuring food safety and concerns of technical nature associated with RT-qPCR 
implementation and interpretation of results were discussed. 
 
A first limitation is the limitation of the batch testing since viral contamination of e.g. red 
fruits is characterized by a heterogeneous distribution due to the nature of contamination. 
For example in case of contaminated irrigation water, large batches experiencing the same 
environmental conditions can become contaminated. Similar in case for shellfish grown in 
contaminated water. However in case of red fruits the fruit picker was identified in Chapter 
1 as a crucial vector for enteric viral pathogens. Large batches (up to 22 tons) of e.g. IQF 
raspberries (limited cross-contamination events due to absence of washing) arrive that 
generally originate from dozens of small raspberry farms, each employing several fruit 
pickers. Hence illustrating the relevance of low prevalence rates in case e.g. one fruit 
picker was infected (pick an average of 11 kg raspberries/day). As depicted in the OC 
curve in Figure 7.4., in case of low prevalence of contamination the chances of rejecting 
this contaminated batch (=1-P(Accept)) are very slim.  
E.g. in case the prevalence of NoV contaminated units is 5% in a specific batch, there is a chance 
of 77% that this batch will still be accepted when applying this two-class presence-absence 
sampling plan (n=5, c=0) and only 23% (P(reject)= 1- P(accept)) of rejecting this batch.  
 
Figure 7.4. Operating Characteristic (OC) curve in case of a two-class presence-absence 
sampling plan defined by n=5, c=0 (Figure drawn using ‘FAO MS tools.xlsm’). 




However insufficient data is available to have knowledge of the baseline for NoV 
prevalence in soft red fruits and leafy greens. Controls for NoV carried out on 
consignments of frozen strawberries originating from China during the period 1 January – 
31 December 2013 (in EU + Norway) resulted in only two non-compliances (NoV 
detected) out of 98 checks (2.0%, 95% CI: [0.4, 6.4]) (EFSA BIOHAZ Panel 2014a). 
 
A second limitation is the limitation of the present detection methods. As such current 
viral detection strategies are characterized by a high limit of detection (LOD) resulting in a 
lower sensitivity. This high LOD is due to the fractional use of RNA for molecular 
detection (confined by limited sample volume possible for analysis by RT-qPCR), meaning 
that only a fraction of the initial test matrix is eventually tested in the RT-qPCR reaction. 
As such, the theoretical LOD (tLOD) corresponds to one genome copy per volume of 
RNA tested in the target assay and varies according to the quantity of starting material and 
detection method (two-step RT-qPCR vs. one-step RT-qPCR). But also the presence of 
inhibitors plays a role since in case of inhibition or when amplification efficiency is <25% 
(as defined in ISO/TS 15216-1) the results of a ten-fold dilution of the sample RNA will be 
used for analysis. This results in an additional dilution of initially tested starting material 
during RT-qPCR and hence a ten-fold higher tLOD. As such for the raspberry analysis in 
Chapter 4 the tLOD mounted up to 500 GC in 10 g raspberries when 1/10 dilution of RNA 
samples were processed (two-step RT-qPCR) (clarified in Figure 7.5.).  
Inclusion of ten-fold dilutions of RNA have also been observed as a necessity in other 
screening studies. As such Loutreul et al. (2014) found 12.4% (26/210) of the lettuce 
samples and 16% (32/200) of the red fruit samples positive for NoV. However 61.5% of 
the 26 NoV positive lettuce samples and 65.6% of the 32 NoV positive red fruits samples 
were only detected as positive when the ten-fold diluted RNA was analyzed. This 
illustrates the significant role of inhibitors in producing false negative results, especially 
since NoV concentrations detected in food samples are generally low and recovery 
efficiencies are unsatisfactory. Also in analyzed swab and water samples for Veg-i-Trade 
considerable inhibition was observed. Especially in case of viral detection in water 
samples, in literature dilutions of 1/10 to 1/100 of RNA are standard included in the 
analysis by RT-qPCR. As such, the presence of inhibitors limits the full potential of the 
possibility of analyzing large quantities of water by filtration since more inhibitors, 
proportional with the analyzed water volume, can be co-concentrated during sample 
preparation. Hence the use of larger volumes of water during viral concentration doesn’t 





Figure 7.5. Schematical representation of fractional use of initial analytical sample unit according to the detection strategy applied in Chapter 4 (2 x 
10 g analytical sample unit) and according to detection strategy as proposed by ISO/TS 15216-1 (25g analytical sample unit) for detection of enteric 
viruses in e.g. raspberry samples. LOD and LOQ represent here the theoretical limit of detection and theoretical limit of quantification based on in-
house experience concerning pGI and pGII standard curves. Remark that LOD and LOQ are expressed per analytical sample unit. GC: genomic 
copies. 
 




A second factor limiting sensitivity of present detection methods are the low sample 
recovery efficiencies (SRE) obtained by current methods. As such the practical LOD 
(pLOD), being the lowest concentration of target in a test sample that can be reproducible 
detected, is even higher than the tLOD since SRE (estimated by the use of surrogate 
viruses as PC) are generally low. In the ISO/TS 15216 minimal requirements are stated 
concerning the recovery efficiency of the PC. As such, in case where the extraction 
efficiency is <1%, sample results are not valid and reanalysis of the sample is required 
(Anonymous 2012c). Remark that a minimal SRE of 1% might seem low, but in reality 
this threshold is often not reached (e.g. Table 4.3.). As such SRE below 1% are not 
uncommon in screenings and sample analysis linked to outbreak investigations published 
in literature (e.g. Mäde et al. (2013) reported SRE of 0.1-1.0% in strawberries; Mattison et 
al. (2010) reported SRE of <0.01% in 17% the of leafy green samples), despite the 
detection of NoV in several samples. 
 
In conclusion, batch testing for enteric viruses in red fruits is currently performed, however 
one should be vigilant of the possible heterologous distribution typical of viral 
contaminated red fruits and the fact that if prevalence is low the n=5, c=0 presence/absence 
test has a low probability in identifying a contaminated batch. Hence sampling cannot 
guarantee absence of NoV positive units in a batch because the sample size needed to 
detect low dose, low frequency, and non-uniformly distributed contamination is 
impractically large. Consequently the attempt to reduce the risk by sampling is often 
considered too little too late. However sampling of e.g. berries, irrigation water and hands 
can be part of a preventive approach when used for verification of GAP and GHP, when 
used in the frame of risk-based sampling, and when used to boost the awareness of food 
handlers in the farm-to-fork chain. Still if a positive signal is observed, current methods 
detect ‘genomic copies’ that are not necessarily linked to health risk, and if negative, one 
must be vigilant that this can indicate a true negative batch, or a false negative batch since 
due to limitations in sampling or limitations in sensitivity, the presence of positive sample 
units cannot be excluded. The sensitivity of current detection protocol is further reduced 
due to the typical high pLOD of current viral extraction methods. As such improvements in 
SRE and methods capable of dealing or removing inhibitors present in the sample RNA are 
needed to enable the analysis of relevant sample sizes during RT-qPCR reaction and as 
such limiting false negative results. Critical consideration of the appropriate sample size is 
also needed. As now the use of 25 g as sample size is copied from the method for detection 
of bacterial pathogens (e.g. 25 g portions are also analyzed to ensure absence of 
Salmonella in precut fruit and vegetables to comply with EC No 2073/2005). However due 





fundamentally from bacterial detection. Hence the current sample size of 25 g, which 
results in the analysis of mere 0.125 g during RT-qPCR as clarified in Figure 7.5., might be 
further optimized, since the use of larger sample sizes could result in the analysis of a more 
relevant portion. 
A good indicator organism is a marker 
whose presence in given numbers 
points to failure to comply with 
applying good manufacturing and distribution practices (Ingram 1977; Mossel et al. 1995) 
and is hence indicative that a food has been exposed to conditions that pose an increased 
risk that the food may be contaminated with a pathogen or held under conditions conducive 
for pathogen growth (IFT/FDA 2001). Overall E. coli is considered to be an adequate 
bacterial indicator of fecal contamination. As such E. coli is used in the legal framework as 
a process hygiene criteria in relation to pre-cut ready-to-eat fruits and vegetables (n=5, 
c=2, m=100 CFU/g, M=1000 CFU/g; EC No 2073/2005). Also for assessment of 
suitability of irrigation water sources, historical microbiological criteria are based on the 
presence of e.g. E. coli or fecal coliforms. Currently available guidelines regarding the 
quality of water used in primary production have been reviewed recently by Holvoet 
(2014). However in case of other pathogenic micro-organisms such as enteric viruses and 
protozoa, bacterial indicators such as E. coli generally fail to signal the potential for viral 
or protozoan contamination (discussed in Chapter 6) as bacteria are expected to 
decrease/degrade quicker than the more stable viruses in adverse conditions outside of the 
animal/human reservoir. This was also observed during the batch screening in Chapter 4, 
since all batches were considered to be of good microbiological quality (due to absence of 
E. coli), despite presence of NoV in a subset of batches. 
 
For viral contamination, bacteriophages, enteroviruses, picobirnaviruses, polyomaviruses 
and adenoviruses have all been proposed as alternative viral indicators for the presence of 
human fecal contamination (Savichtcheva and Okabe 2006; Symonds et al. 2009). 
Especially human adenoviruses (hAdV) have been  recommended as a potential indicator 
of human fecal pollution and a virological index for water quality since they persist 
wastewater treatment well, have been shown to have greater stability than enteroviruses, 
and are present more consistently in the environment than NoV and enteroviruses (Carter 
2005; Charles et al. 2009; Silva et al. 2011). As such hAdV have been detected at similar 
(high) rates in diarrheal (44%) and non-diarrheal (53%) specimens in a wide range of age 
groups, from a few months old to over 80 years of age (Mans et al. 2014). While NoV GI 
and GII were detected in that same study in 0% and 7% respectively in diarrheal specimens 
(n=94) and 1% and 22% respectively in non-diarrheal specimens (n=93) (Mans et al. 
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2014). However, despite the availability of a whole body of literature concerning the 
presence of hAdV in water matrices (Carducci et al. 2009; Wyn-Jones et al. 2011) and 
shellfish (Muniain-Mujika et al. 2003; Pina et al. 1998), consistent sampling studies that 
study hAdV in combination with NoV in the fresh produce chain are lacking. Hence more 
data are required before suitability of an enteric viral indicator can be validated (EFSA 
BIOHAZ Panel 2014a) and ideally candidate viral indicators should be included in future 
baseline studies.  
 
Concerning mitigation strategies for control of foodborne viruses such as NoV in the fresh 
produce chain, control options can be divided in two categories: (i) prevention actions 
limiting the entry of NoV in the farm-to-fork chain, and (ii) intervention actions reducing 
viral contamination by inactivation/removal of the viral load during processing. The main 
mitigation strategies identified in this PhD thesis for both categories will be discussed 
briefly. For more detailed information concerning mitigation strategies for NoV in the 
fresh produce chain the following relevant documents can be consulted online: 
 CAC/GL 79-2012: Guidelines on the application of general principles of food 
hygiene to the control of viruses in food, with Annex II on Control of hepatitis A 
virus (HAV) and norovirus (NoV) in fresh produce. 
 EFSA BIOHAZ Panel, 2014. Scientific opinion on the risk posed by pathogens in 
food of non-animal origin. Part 2. 
- Salmonella and Norovirus in leafy greens eaten raw as salads.  
EFSA Journal 2014; 12(3):3600, 118 pp. doi: 10.2903/j.efsa.2014.3600 
- Salmonella and Norovirus in berries.  
EFSA Journal 2014; 12(6):3706, 95 pp. doi: 10.2903/j.efsa.2014.3706 
 VITAL guidance sheets on enteric viruses in the farm-to-fork supply chain of berry 
fruits and leafy greens. Available online at eurovital.org/index.htm  
 
PREVENTIVE ACTIONS AS MITIGATION STRATEGIES 
As stated in EC 2073/2004, the safety of foodstuffs is mainly ensured by a preventive 
approach, such as implementation of Good Hygiene Practices (GHP) and application of 
procedures based on hazard analysis and critical control point (HACCP) principles. Hence 
in order to select valid prevention actions, a thorough knowledge of the whole farm-to-fork 
chain is required. Therefore in Chapter 1 of this PhD thesis a literature study was 
undertaken that includes an elaborate section on identified viral transmission routes in the 
fresh produce chain (§1.2.). The main transmission routes identified in Chapter 1 are 






Contaminated hands and surfaces play an important role in the transfer of viral enteric 
pathogens such as NoV. As such knowledge and availability of proper hand washing and 
drying practices, food handling practices (e.g. food handling while sick), and correct 
handling and cleaning practices in case of contamination (e.g. by vomiting) is crucial 
among food handlers and food safety professionals. Nevertheless current awareness and 
knowledge on NoV was found lacking among food handlers and food safety professionals 
assessed during surveys performed respectively in the Netherlands (Verhoef et al. 2013) 
and in the USA (Kosa et al. 2014). Gloving is often proposed as a solution to prevent viral 
transfer from pickers and food handlers, but remark that gloving in absence of good hand 
hygiene can still result in viral transfer. This was experimentally demonstrated in a recent 
study by Rönnqvist et al. (2014) in which transfer of MNV-1 dried on the hands during 
gloving was observed 10/12 times. Hence stimulating an appropriate food safety culture in 
which compliance to hygienic standards is encouraged and pursued day after day is crucial.  
 
Despite the current limitations of testing used in case of compliance testing, testing can 
also be part of a preventive approach by sampling of the production and processing 
environment (including hands) as tool to identify and prevent the presence of pathogenic 
micro-organisms in foodstuffs (EC 2073/2004). Surfaces can be more easily monitored in 
function of a food safety management system than the food itself since higher recoveries, 
less inhibitors and an easier protocol are characteristic of the swab protocol. This way 
testing is used as process verification, to check the status of hands, surfaces, and the 
application of GHP, and can have a huge positive impact on the behavior and awareness of 
food handlers. Also risk-based sampling of hands/surfaces, but also of products and 
water during e.g. prerequisite compliance audits, where epidemiological studies indicated a 
higher risk of infection or at the discretion of the food business operator, can be part of a 
holistic approach for food safety assurance (EFSA BIOHAZ Panel 2014a). 
 
Contaminated water, either in the role of irrigation water or process water, can also play an 
important role in the transfer of enteric viruses. In Chapter 5 the role of processing water 
as a (cross-)contamination pathway during a simulation of an industrial wash process of 
lettuce was explored. This study illustrated that the water quality should be maintained at 
an acceptable level during the whole washing process and stresses the importance of the 
inclusion of an effective sanitizer to prevent cross-contamination. To summarize current 
knowledge on water as a transmission route and possible mitigation strategies, a review 
was performed in Chapter 6 on the available QMRA studies in peer-reviewed literature 
that included the modeling of effect of water use (e.g. influence of irrigation water and/or 




washing step) or water treatment on the quality of fresh produce in at least one stage of the 
farm-to-fork supply chain. Identified preventive actions related to the use of water include 
e.g. the selection of an appropriate water source, performance of water treatment, choice of 
irrigation method, crop selection, and inclusion of a withholding period. Also minor 
adaptation of the currently implemented systems could improve water quality. As such, 
presently used irrigation water treatment in e.g. lettuce production primarily focus on 
elimination of phytopathogens. However additional assessment and improvement of the 
effect of treatment regarding foodborne pathogenic bacteria and enteric viruses is relevant 
and could result in an additional mitigation step requiring only minor adaptations to the 
system in place.  
 
Regular testing of irrigation water sources for the presence of relevant indicators and if 
necessary pathogens is also conform good agricultural practices (GAP). As elucidated in 
Chapter 6, when different reference pathogens were compared, the health risk for enteric 
virus infection by contaminated fresh produce due to contaminated irrigation water was 
higher compared to infection risk by other reference pathogens as Campylobacter and 
Cryptosporidium. The high health risk is a result of the recalcitrance of enteric viruses to 
water treatment, their high environmental persistence, and especially because of their low 
infectious dose. However the currently used fecal indicator E. coli in irrigation water does 
not suffice as indicator for viral risks if fecal contamination is from human origin. In 
contrast to viruses, E. coli does not have a narrow host range and hence cannot be used as a 
specific indicator for human fecal contamination. Additionally, due to specific 
characteristics and high recalcitrance of enteric viruses, viruses such as NoV could persist 
longer than E. coli in certain conditions. However, direct pathogen detection in (relevant 
volumes of) water is expensive. In case of source water for drinking water production, 
large volumes (e.g. 200 to 600 L in Lodder et al. (2010)) of the water are to be tested for 
the presence of enteric viruses. However in this branch the substantial costs of sampling 
and analysis are accepted since drinking water is overall strictly controlled as 
contamination would have huge impacts on public health. However these costs would be 
difficult to accept in case every farmer would have to check their irrigation water following 
the same standards as for source water for drinking water production. Anyhow, in a 
QMRA study of Stine et al. (2005b) a maximum allowable concentration for HAV in 
irrigation water for fresh produce (applying a worst-case scenario: consumption one day 
after irrigation) to ensure an annual risk of ≤1:10 000 was calculated to be 2.5 x 10-5 most 
probable number per 100 mL in case of furrow irrigation of lettuce. The analysis of 1-10 L 
water as aimed for in Chapter 2 would hence not suffice to check if this limit is exceeded. 





source tracking methods to identify if human fecal contamination is present could be 
relevant using these lower volumes. Direct measurement of viral pathogens and 
bacteriophages with different host groups, e.g., hAdV, bovine polyomavirus (bPyV), 
porcine adenoviruses (pAdV), and the F+ RNA coliphages have been suggested as an 
interesting, library-independent microbial source tracking method to identify the origin 
of contamination in aquatic environments (Fong and Lipp 2005). However further 
validation at farm-level and along the farm-to-fork chain of fresh produce is requested to 
be able to assess the true value of this tool. Anyway, risk evaluation concerning the 
possible contamination sources of the irrigation water used and preventive actions such as 
chlorination or UV treatment of the irrigation water should be the basic pillars in 
preventing NoV contamination via contaminated water. As nowadays implemented 
sampling frequency of once a year fails to detect e.g. the natural variability during seasons 
and sporadic unexpected failure of water treatment. Also when the water is according to 
the risk evaluation not subjected to fecal contamination of human origin, testing for 
specific indicators of human fecal contamination that can be a marker for the presence of 
enteric viruses should be encouraged in case of extreme events (e.g. heavy rain, flooding, 
etc.). 
For further discussion on the quality and testing of water used in agriculture or during 
processing I refer to recent PhD dissertations accomplished in collaboration with the 
LFMFP lab in the frame of the European Veg-i-Trade project (i.e. Holvoet 2014; Van 
Haute 2014). 
 
INTERVENING ACTIONS AS MITIGATION STRATEGY 
Some food preparation measures, as reviewed in Chapter 1, do have a positive impact on 
the viral load and hence can be included in the farm-to-fork chain as a mitigation strategy. 
Though the primary focus should be on prevention, since once contamination of fresh 
produce has occurred subsequent frequently used steps in industry that allow the retention 
of fresh-like organoleptic properties (e.g. washing) will not result in total elimination of 
foodborne (viral) pathogens. As such, washing only results in maximum 1-2 log10 
reduction in viral load. The main effect of sanitizers during washing of fresh-cut produce is 
aimed at reducing and controlling the microbial load of the water used in fresh-cut 
processing and thus prevent cross-contamination, rather than having a decontamination or 
preservative effect on the produce itself. Hence it is important to study the effectiveness of 
a sanitizer not only on the produce, but also on the viral load in the resulting wash water. 
However the latter is not always included in experimental studies in literature. In a recent 
inactivation study using a porcine gastric mucin binding magnetic bead (PGM-MB) assay 




in combination with RT-qPCR to determine the effectiveness of several commonly used 
chemical sanitizers on human NoV, the use of chlorine (sodium hypochlorite) was 
advocated for use as a human NoV disinfectant wherever possible (sodium hypochlorite, 
189 ppm free chlorine (FC) resulted in 4 log10 reduction). As remarkable resistance was 
noted of human NoV (in 10% stool filtrate) towards the other tested chemical sanitizers 
such as chlorine dioxide, peroxyacetic acid, hydrogen peroxide, and trisodium phosphate 
(Kingsley et al. 2014). 
 
To prevent large outbreaks due to virally contaminated frozen red berries especially large-
scale-kitchens should strictly adhere to the instruction to heat the berries before serving. 
However, as identified in the literature study, data concerning heat treatments of produce at 
temperatures >75°C are scarce. Hence additional relevant heat inactivation studies for this 
high temperature range in relevant produce matrices and for several (surrogate) viruses 
should be conducted to obtain more insight. However, inactivation studies using 
molecular-based methods for estimating capsid integrity (using RNase or propidium 
monoazide) suggest that human NoV might be more heat resistant than common cultivable 
surrogate viruses (Escudero-Abarca et al. 2014). Hence ideally confirmation and validation 
of the effectiveness of recent recommendations for inactivation of NoV by heating of soft 
ref fruits (e.g. 90°C for 90s, or heating of frozen raspberries for 2 min at 90°C as stated on 
the package of raspberries (Figure 1.12.) in Chapter 1) should be accomplished. However 
not ideal, human feeding trials - such as recently performed for evaluating the effect of 
HPP on human NoV inactivation in oyster (Leon et al. 2011) - could serve for this purpose. 
Assigning absolute risk reduction values to measures used in the mitigation of risk is 
challenging due to uncertainty in the effect on enteric viruses such as NoV due to use of 
surrogate viruses in persistence/removal/inactivation experiments. But it is also 
challenging due to the sporadic nature of pathogen occurrence and localized conditions 
leading to the persistence of pathogens in the environment. However there is a large body 
of evidence showing that human NoV are both more persistent and more resistant than 
surrogate viruses. This is strengthened by a recent qualitative meta-analysis that showed 
that human NoV appear more persistent than surrogate FCV or MNV in response to heat 
and available chlorine than previously recognized (Knight et al. 2014). As such impact of 
certain mitigation steps using QMRA is estimated using surrogate data, but the exact 
significance of impact on human health risk concerning the pathogen under study (i.e. 





7.3. CONCLUSIONS AND RECOMMENDATIONS 
Five years after the start of my research on foodborne viruses, the topic is still highly 
relevant and challenging. However despite the continuous effort the last 15 years 
concerning NoV detection and data gathering for matrices such as fresh produce, a lot of 
questions remain to be solved today. This was also perceived during this PhD project as 
when attempting to analyze NoV transmission and presence in the food-chain of fresh 
produce a lot of uncertainties concerning NoV add up as specified in previous paragraph 
(i.e. §7.2). 
 
The unavailability of an appropriate cell culture assays for foodborne viruses such as NoV 
has resulted in the use of molecular detection methods and the use of surrogate viruses for 
persistence and inactivation studies. This has set a cascade of resulting question marks and 
challenges in motion concerning related health risk associated with the presence of 
genomic copies (GC), effect of risk mitigation strategies, and has put pressure on the 
efficiency of the extraction protocol in order to lower the LOD due to the inability of 
performing an enrichment step. Hence the search for an appropriate validated cell culture 
assay for NoV should continue. 
 
OPINION ON ESTABLISHMENT OF MICROBIOLOGICAL CRITERIA AND 
PREREQUISITES 
More studies are needed on the relation between detection of virus genomic copies by 
PCR in food and the relevance for human health. As such, valuable information could 
be achieved by further data gathering (baseline data) and better reporting on quantities or 
order of magnitude of NoV genomic copies detected in outbreak situations. The 
availability of such data could allow meta-analysis of quantitative results obtained for NoV 
RNA levels in berries associated with illnesses and RNA levels in non-outbreak-related 
samples. This to better know what a signal means and to have an indication of reason for 
concern (in non-outbreak situations). Such a study was performed by Lowther et al. (2012) 
for oysters in which a significant difference was found between NoV levels detected in 
oyster samples strongly linked to NoV or NoV-type illness (geometric mean: 1048 GC/g), 
and levels typically found in commercial production areas (non-outbreak-related samples, 
geometric mean: 121 GC/g). In case of the problem of NoV in shellfish, these observations 
supported the concept of a dose-response for NoV RNA levels in shellfish and valuable 
data were obtained to inform the development of robust risk management criteria. 
  




As such, establishment of microbiological criteria has been recommended for NoV 
presence in oysters (EFSA BIOHAZ Panel 2012). However for fresh produce, prevalence 
studies and quantitative data on viral load are scarce making European consensus for 
establishment of microbiological criteria for these food categories difficult (EFSA 
BIOHAZ Panel 2011, 2014a). Furthermore, detection of NoV in shellfish has several 
advantages over detection of NoV in fresh produce. As such, when in our lab data related 
to the efficiency of viral extraction and concentration protocols for shellfish and fresh 
produce matrices are compared, the sample recovery efficiency is generally much higher in 
case of shellfish (50% of SRE ≥25% in Li et al. (2014b)) compared to the SRE obtained 
for fresh produce matrices (Table 7.1.). Furthermore, NoV contamination of fresh produce 
consist most probable of low numbers of heterogeneously distributed viruses, while in 
shellfish extraction is further optimized by focusing on the digestive glands that are known 
to accumulate NoV particles during the filter feeding process. Finally, for NoV detection in 
shellfish it has been suggested that shellfish detection methods mostly detect intact 
particles since bioaccumulation of RNA in shellfish appears to be insignificant in an 
experiment by Dancer et al. (2010). This possibly increases the relevance of detection of 
viral RNA in shellfish related to associated public health risk. However further verification 
of this is needed (Butot et al. 2014). As such, the fact that the ratio infectious virus 
particles: number of viral GC detected by PCR may vary according to environmental 
conditions, history of treatments (e.g. heating, HPP) and ‘age’ of the contamination, 
especially for food products other than shellfish, further challenges the establishment of an 
overall European consensus on a threshold infectivity limit for NoV detected by RT-qPCR 
(EFSA BIOHAZ Panel 2012). Hence modified detection protocols that could establish a 
better link with human health risk are ideally required to enable unambiguous 
interpretation. Other prerequisites for establishment of a (quantitative) limit for 
presence of NoV is further method validation, improvement in sample preparation, 
practical LOD, and improvement in ‘quantitative’ accuracy as noted during recent EU 
reference laboratory proficiency test (PT 46) (Cefas 2013). Furthermore, microbiological 
criteria have been suggested to be less effective at managing risk when low levels of 
contamination are considered (limitation of batch testing), which is the most likely 
situation in case of NoV in fresh produce. Remark also that if a microbiological criteria for 
NoV in fresh produce would be implemented now, with the current limitations of the 
detection strategy and the inherent limitation of batch testing, the consumer’s risk, i.e. the 
chance that a batch will be accepted that exceeds the limit and hence pose an unacceptable 






Despite the lack of a correlation between infectivity and the presence of GC, RT-PCR 
detection indicates unequivocally contact with the considered viral pathogen and hence a 
breach of hygienic practices. However microbiological criteria should be scientifically 
based, hence accurate baseline data is necessary to have an objective overview of the 
situation and to have an idea of the relevance of any sampling plan. Baseline data is also 
needed to estimate the impact of a certain criteria (e.g. number of corrective actions that 
would be needed, benefit for public health) as establishment of a specific microbiological 
criterion is a risk management decision and requires thorough insight into the issue. As 
such, in the case of NoV presence in shellfish microbiological criteria suggested are based 
on a certain threshold instead of presence-absence testing since quantitative data on viral 
load from areas compliant with current EU legislative requirements (E. coli standards) 
during January-March 2010 in the UK, Ireland and France, show that a NoV action limit of 
100, 200, 500, 1000 or 10,000 NoV PCR genome copies would result in 33.6-88.9%, 24.4-
83.3%, 10.0-72.2%, 7.7-44.4% or 0-11.1% of non-compliant batches, respectively (EFSA 
BIOHAZ Panel 2012). Hence in shellfish a standard based on NoV absence would have a 
high impact, while presence of NoV positive signals in oysters were not necessarily linked 
with outbreaks in a study by Lowther et al. (2010, 2012). 
 
The absence of microbiological criteria for NoV on European level and the limitations of 
current detection strategy as discussed in paragraph 7.2. (high LOD, interpretation, need 
for standardization) should however not result in ignoring the potential risk of viral 
contamination in fresh produce matrices. As when NoV genomic copies are present, risk 
for human health cannot be excluded, unless the sample history (e.g. thorough heat 
treatment) can prove otherwise. However, even in the latter case, unhygienic practices are 
linked to presence of NoV GC and hence appropriate actions are needed depending on 
local risk management decisions. Note that sampling and testing always have its 
limitations, whether for detection of the presence of NoV or other bacterial pathogens, e.g. 
shiga toxin-producing E. coli (Delbeke 2015). Local authorities can stimulate the 
awareness of local food producer/processing companies by active sampling and analysis 
for presence of NoV in food products and to communicate on these results and actions 
taken. This could highlight the point that presence of NoV (or NoV GC indicating 
historical human fecal contamination) in food (or irrigation/processing waters or food 
contact surfaces) is not acceptable.  
 
If one decides upon setting up a sampling, in particular risk based sampling could be 
considered. This risk based sampling can be driven by knowledge obtained either during an 
inspection or audit revealing (systematic) noncompliance on good hygienic practices, or 




during a sanitary survey indicating risk factors for (human) fecal contamination, or having 
notification of reported illness or epidemiological evidence available to the discretion of 
the food business operator or control authority indicating a higher risk of NoV 
contamination (EFSA BIOHAZ Panel, 2014a). The latter resulted in import control for 
presence of NoV and HAV on frozen strawberries from China in 2013 (Anonymous 
2012a) as a result from the German outbreak in 2012 (Mäde et al. 2013). 
 
RELEVANCE OF AN ISO METHOD AND POINTS NEEDING FURTHER 
IMPROVEMENT 
The availability of an ISO method for the extraction, concentration and detection of NoV 
in the food chain, despites it imperfections, is an enormous step forward. As it provides a 
framework for the correct implementation and use of necessary controls during extraction 
and detection steps, and now new methods can be unambiguously compared to the ISO/TS 
15216-1 (e.g. in Coudray et al. 2013). Detection of viruses is laborious and significantly 
different from standard bacteriological analysis and hence requires a well-equipped lab and 
intensive training of lab technicians. Further capacity building is needed by (preferably) 
interlaboratory validation studies or collaborative trials. In addition effort is needed to 
establish availability of reliable quality control materials. This in particular being a 
prerequisite for further standardization of the quantification step. Concerning the 
detection strategy, the sample processing step has been identified as a crucial, but to date 
the limiting factor for detection of enteric viruses in fresh produce and water samples. 
This is due to high variability of virus recoveries and the low extraction efficiency. Despite 
the initial acceptable recovery efficiencies obtained during comparisons in research and 
method development, in practice the obtained recovery efficiencies have been observed to 
be much lower (e.g. in Mäde et al. 2013). 
 
RECOMMENDATIONS CONCERNING MITIGATION STRATEGIES 
Controlling viruses in fresh produce clearly needs a food-chain approach in which 
prevention measures to avoid viral contamination should be the central strategy rather 
than trying to remove/inactivate viruses from/on fresh produce. Although use of an 
effective sanitizers during industrial fresh produce washing is a necessity to limit cross-
contamination events. Despite the current absence of specific EC legislation concerning 
microbiological criteria for viruses in fresh produce it should be clarified that infectious 
NoV particles should be absent in food and that implementation of good hygienic, 
agricultural and processing practices along the farm-to-fork chain should be the main 
objective since the latter is crucial for limiting viral threats. Adequate guidelines 





produce irrigation should strive for taking into account also the viral threat. These 
requirements should preferably be set based on risk assessment. However limitations of 
current QMRA concerning water in the fresh produce chain have been discussed in 
Chapter 6, and problems are associated with feasibility, the meaning of indicator detection 
for viruses and cost of monitoring (EFSA BIOHAZ Panel 2011). Direct pathogen detection 
is costly, but further research concerning microbial source tracking and validation of its 
use at farm-level would be interesting. 
 
As a final critical note, the importance of the behavior of food handlers in respecting good 
hygienic practices and hand washing should once more be highlighted. Food handlers 
hygiene was reported as a contributing factor in NoV contamination in 70% of NoV FBO 
reporting contributing factors in the USA (2009-2012) (Hall et al. 2014). Hence an 
important issue for controlling viral contamination is by proper education and incitement 
of involved food handlers. The establishment of a proper food safety culture in which 
compliance to hygienic standard is pursued day after day is crucial. Again local authorities 
can play an important role in this by providing information and building awareness by 
means of sampling and testing for the presence of NoV on relevant surfaces and hands in 
food production areas (Verhoef et al. 2013). As such outreach and education are also an 
important part of the huge USA NoroCORE project. Online more and more information is 
available but also at the farm-level food handlers such as pickers should be properly 
instructed and necessary facilities (e.g. toilet and proper hand wash facilities) should be 
present within reach. Since hand hygiene is the most critical control point in preventing 
viral contamination of specific fresh produce products (e.g. red fruits) and viral FBO in 
general.   




7.4. PERSPECTIVES FOR FURTHER RESEARCH 
Next to further research touching the relation between detection of virus genomic copies 
by PCR in food and the relevance for human health (including baseline studies), future 
research concerning NoV in fresh produce should focus on: 
1) Limitations and weaknesses of current detection strategy 
To limit false negative results and to improve the true value of a negative result for the 
presence of NoV in a fresh produce sample future research should aim to lower the 
practical LOD. As now ‘absence’ in 25 g fresh produce means practically ‘possible 
presence of NoV below pLOD’ which is as high as 2-3 log10 GC per sample. As such 
further improvements are needed concerning the low sample recovery efficiency (SRE) 
and the inability of the current detection strategy to adequately deal with inhibitors. For 
this the use of an automated system based on cationic separation or immunoconcentration, 
such as the Pathatrix have the potential to more specifically concentrate the viruses and to 
allow a ‘washing step’ before further RNA extraction which has the potential to remove 
inhibitors. Also the small actual sample volume analyzed during RT-qPCR, as 
schematically depicted in Figure 7.5., should be addressed. As such questioning the use of 
25 g as appropriate sample volume is needed. Again the use of an automated system using 
cationic separation such as the Pathatrix has the capacity to potentially analyze the higher 
amounts of elution buffer possibly needed to analyze higher volumes of fresh produce 
samples without requiring too much additional hand-work.  
Further standardization of reliable quality control materials is needed in order to be able 
to benchmark the results obtained in different labs. In Chapter 4 a hypothesis was 
suggested that the quality of the process control batch (difference in virus particles to 
genomic copies ratio) could lead to heterogeneity of obtained SRE. This hypothesis could 
be further investigated by better characterization of the inoculum (e.g. MNV-1) using cell-
culture, RT-qPCR and possibly by a cell-binding detection assay and then performing the 
extraction from the raspberries and characterize the eluted and concentrated viruses again 
by cell-culture, RT-qPCR and possibly by a cell-binding detection assay. This allows the 
calculation of the ‘recovery efficiency’ using these three different detection options to have 
an idea if viral particles are more efficiently extracted and concentrated compared to naked 
viral genomes. A similar experiment has been performed for the detection of poliovirus in 
water by Haramoto et al. (2007). 
2) Practical control and prevention at farm-level 
Further evaluation of human adenoviruses (hAdV) as enteric viral indicator during the 
farm-to-fork chain of fresh produce is needed. Ideally this candidate viral indicator should 





of fresh produce linked to viral FBO would help to study the relevance of this potential 
indicator in assessing viral risk for contamination with NoV or HAV. Studies on the 
presence of hAdV in the farm-to-fork chain of fresh produce are rare. In the VITAL project 
data on the presence of the index virus hAdV and of viral pathogen such as NoV and HAV 
was collected in the European berry fruit supply chain (Maunula et al. 2013) and the 
European leafy green vegetable supply chain (Kokkinos et al. 2012). However not all 
samples tested for presence of hAdV were consistently checked for the presence of NoV 
and HAV. As such more consistent sampling and data are needed to have a clear insight of 
the use of hAdV as potential indicator of human fecal pollution. As the implementation of 
sampling of an ‘indicator’ virus has been suggested as a tool to build trust in certain supply 
chains (Butot et al. 2014). 
Microbial source tracking of fecal pollution in irrigation waters is a possible strategy to 
allow risk based decision making and implementation of risk based control options. Since 
direct pathogen detection of NoV and HAV is costly and practical volumes of 1-10 L 
might not suffice to give an indication of the viral risk of the irrigation water. However 
analysis of these relative ‘small’ volumes of 1-10 L might be relevant for source tracking 
purposes using viral pathogens and bacteriophages with different host groups. The use of 
microbial source tracking (MST) methods to identify the origin of contamination in aquatic 
environments has currently primarily focused on environmental waters (e.g. in Lee et al. 
(2014)), recreational and bathing waters (e.g. in Staley et al. (2012)), and shellfish 
harvesting areas (e.g. in Ma et al. (2011), Mauffret et al. (2012)) and shellfish (e.g. in 
Mieszkin et al. (2013)). As such practical evaluation of this strategy for assessing viral risk 
concerning the use of different types of irrigation water for irrigating fresh produce 
consumed raw, and for situations that can impact these waters such as heavy rain, run-off 
water, flooding, temporarily breakdown of wastewater treatment, is needed. Because if 
human sewage can contaminate this water, E. coli as an indicator of fecal contamination 
may not suffice to assess the viral risk for public health inherent to the water source. As 
such screening of irrigation waters under different circumstances (e.g. different seasons, 
flooding, run-off, breakdown WWTP, heavy rain) should be performed at farm-level for 
the presence of HAV and NoV in relevant volumes and these outcomes should be 
compared to the risk assessment following microbial source tracking in 1-10 L irrigation 
water samples. An added advantage is that some of the most frequently used viruses for 
microbial source tracking, such as hAdV and F+ RNA coliphages are culturable and hence 

























Chapter 1 presents a literature overview with respect to foodborne viruses such as 
norovirus (NoV) and hepatitis A virus (HAV) in the fresh produce chain. A short 
introduction on foodborne viruses, with the focus on NoV, was presented. As such a brief 
history of NoV as foodborne pathogen, typical (disease) characteristics, and detection 
methods for food- and waterborne viruses were summarized. Furthermore, the relevance of 
NoV as a foodborne viral pathogen in fresh produce was illustrated in an outbreak table 
(Table 1.1) that described foodborne outbreaks (FBO) due to the two most frequently 
linked viruses with FBO, namely NoV and HAV. This table contains peer-reviewed 
outbreak investigation studies that date back till 1979 and presents epidemiologic evidence 
for the relevance of the two chosen case studies in this PhD project: i.e. NoV and lettuce 
(leafy greens), and NoV and raspberries (red fruits). In a second and a third part of this 
literature overview the transmission routes relevant for fresh produce, the environmental 
persistence, and the effect of treatments use in food processing of fresh produce on the 
viral load were summarized. Since information on each of these topics is vital for 
identification of effective prevention, control, and intervention strategies for risk 
mitigation. As such, both contaminated food handlers and irrigation/processing water were 
identified as relevant transmission routes for enteric viruses in the fresh produce chain. In 
contrast to the overwhelming body of literature demonstrating the importance of the food 
handler, limited studies have focused on the importance of water, especially processing 
water as a possible route of contamination with enteric viruses. In case of contamination of 
fresh produce, NoV will persist between contamination and consumption due to their high 
environmental persistence, and their high resistance to commonly used decontamination 
practices (e.g. washing) for fresh produce. This illustrates the importance of a preventive 
approach for risk mitigation. 
In Chapter 2 and Chapter 3, the in-house methods to enable detection of NoV in the 
farm-to-fork chain were completed with a selected method for detection in irrigation and 
processing water and a method for detection of NoV on surfaces and hands. As such in 
Chapter 2 four viral concentration methods were evaluated for their efficiency in 
recovering murine norovirus-1 (MNV-1) and MS2 bacteriophages from processing water 
(1 L) and four different types of irrigation water (bore hole water, rain water, open well 
water and river water) (2-5 L). The best option was ‘Method 1’, a method based on the 
VIRADEL principle using an electronegative HA-filter in combination with an alkaline 
elution buffer based on Triton X-100 and a secondary concentration method based on 
precipitation with PEG. Further evaluation was performed of this Method 1 for the 
detection of human enteric viruses HAV, GI and GII NoV, and rotavirus (RV) in the five 





of HAV, GI and GII NoV. However, for detection of RV the method proved less effective 
as significant lower sample recovery efficiencies (SRE) were obtained for RV in all water 
matrices tested (SRE <2%).  
In Chapter 3 three different strategies for swab elution/extraction, including one strategy 
based on the recently launched ISO protocol (ISO/TS 15216-1), were compared to 
optimize the swabbing methodology for detection of viruses on (food) contact surfaces. As 
such an improvement is proposed to the currently applied ISO/TS protocol for detection of 
NoV and HAV from surfaces, since sample recovery efficiencies (SREs) obtained with the 
new semi-direct lysis strategy (strategy 3) were significantly higher. Further comparison of 
cotton swabs, polyester swabs and biowipes (Biomérieux) for detection of NoV GI and GII 
inoculated on HD-PE, neoprene rubber and nitrile gloves, identified biowipes as the best 
option for detection on the coarser neoprene rubber. No significant difference was 
observed in the SREs obtained for the other two surfaces. 
In Chapter 4 batch testing for NoV (GI & GII) was performed on 14 batches of frozen 
bulk raspberries intended for the production of puree and on 12 batches of IQF raspberries. 
The batch testing regime currently used for import control of frozen strawberries from 
China (n=5, c=0) was applied and a decision tree was elaborated to support interpretation 
of NoV RT-qPCR results. The added value of an additional confirmation of positive RT-
qPCR signals by sequencing of the resulting amplicon was demonstrated since false 
positive batches, even though all implemented controls were negative, were identified. The 
present study demonstrated the presence of quantifiable amounts of NoV clustered in 
several positive samples in one batch, indicating sanitary problems. Furthermore the 
limitations of batch testing and current detection methods for NoV in fresh produce were 
discussed. As such it remains the question whether batch testing is cost-effective and the 
most appropriate manner to guarantee food safety, since sampling cannot guarantee 
absence of NoV positive units in a batch because the sample size needed to detect low 
dose, low frequency, and non-uniformly distributed contamination is impractically large. 
Furthermore, the standard inclusion of a process control (PC) and the standard reporting of 
these data is encouraged, however additional research was requested to improve the 
availability of reliable quality control materials. 
In Chapter 5 and Chapter 6 additional information was gathered on the potential role of 
processing and irrigation water as contamination source of enteric viruses in the fresh 
produce chain. The study in Chapter 5 focused on processing water as potential source for 
cross-contamination and collected quantitative data using a dynamic two-step washing 
process (sanitizers not included) as a simulation of a commercial lettuce washing process. 





included in the simulation study and the transfer of E. coli, E. coli O157, MS2 phage and 
MNV-1 was quantified. The transfer of these microorganisms from water to lettuce, was 
determined by contaminating washing bath 1(WB1) with three different inoculation levels. 
Besides the cross-contamination between the water in both WBs, the non-contaminated 
incoming lettuce was also contaminated through contact with the contaminated water from 
WB1. Transfer ratios, quantifying the cross-contamination of microorganisms from the 
inoculated WB1 to the lettuce ranged overall from 0.3% to 1.5%. The quantitative data of 
lettuce contamination and transfers established in this study further highlight the 
vulnerability of fresh produce to cross-contamination and illustrates the necessity of the 
use of appropriate sanitizers to limit the possibility for cross-contamination. 
The aim of Chapter 6 was to review peer-reviewed quantitative microbial risk assessment 
(QMRA) studies on water and safety of fresh produce to develop a holistic assessment 
from source water to farm-to-fork chain and where water is either included as potential 
vehicle for foodborne pathogens. The availability of site-specific data was identified as one 
of the most recurring data gaps. Specific parameters lacking hard data included pathogen 
penetration in food crops; pathogen survival/persistence on or in food crops, and rates of 
pathogen transfer from irrigation water, and other water sources (e.g. processing water), to 
crops. Hence illustrating the relevance of the research in Chapter 5. 
The knowledge acquired in the above-mentioned chapters have led to the formulation of 
general conclusions in Chapter 7. Furthermore Chapter 7 includes the discussion of the 
uncertainties related to health risk, standardized detection, prevalence and testing, and 
relevance of indicators and control encountered when you strive for a holistic 







Hoofdstuk 1 geeft een overzicht van de literatuur met betrekking tot voedsel-gebonden 
virussen zoals NoV en HAV in de groenten & fruit (G&F) productieketen. Een korte 
inleiding en geschiedenis van NoV als voedsel-gebonden pathogeen werd aangevuld met 
de typische karakteristieken en detectiemethoden voor voedsel- en watergebonden 
virussen. Verder werd de relevantie van NoV als voedsel-gebonden pathogeen in G&F 
geïllustreerd aan de hand van een tabel met uitbraken te wijten aan de twee belangrijkste 
voedsel-gebonden virussen: NoV en HAV (Tabel 1.1.). Deze tabel bevat 
uitbraakonderzoek studies die terug gaan tot 1979 en leveren epidemiologisch bewijs voor 
de relevantie van de twee gekozen case studies in dit doctoraat: nl. NoV en sla 
(bladgroenten) enerzijds en NoV en frambozen (rode vruchten) anderzijds. In een tweede 
en derde deel van deze literatuur studie werden de transmissie routes relevant voor G&F, 
de overleving, en het effect van behandelingen frequent gebruikt tijdens de processing van 
G&F op de virussen samengevat. Daar informatie over elk van deze drie onderwerpen 
cruciaal is voor de identificatie van effectieve preventie, controle, en interventiestrategieën 
ter beheersing van het risico gelinkt aan NoV in G&F. Zowel voedselbehandelaars als 
irrigatie/processing water zijn geïdentificeerd als relevante transmissie routes voor 
voedsel-gebonden virussen in de G&F keten. Maar in tegenstelling tot de grote 
hoeveelheid uitbraakstudies en experimentele studies voorhanden die het belang 
omschrijven van de voedselbehandelaar, zijn slechts een beperkt aantal studies beschikbaar 
die focussen op het belang van water (vooral beperkt voor waswater) in de transmissie van 
voedsel-gebonden virussen in de G&F keten. In geval van contaminatie van G&F, zorgt de 
hoge overlevingsgraad van NoV in de omgeving ervoor, gecombineerde met de hoge 
resistentie van NoV ten opzichte van frequent gebruikte desinfectie praktijken (bv. 
wassen), dat NoV zullen overleven gedurende de tijdsperiode tussen contaminatie en 
consumptie. Dit illustreert het belang van een preventieve aanpak als strategie ter 
beheersing van NoV in de G&F productieketen. 
In Hoofdstuk 2 en Hoofdstuk 3 is het arsenaal van in ons labo beschikbare methoden voor 
de detectie van NoV in de G&F productieketen aangevuld met de selectie van een methode 
voor de detectie in irrigatie- en waswater en met een methode voor detectie van NoV op 
oppervlakken. Zo werden in Hoofdstuk 2 vier virale concentratiemethoden geëvalueerd 
voor de recovery van MNV-1 en MS2 in waswater (1 L) en vier types irrigatie water 
(grondwater, regenwater, open-put water en rivierwater) (2-5 L). De beste optie bleek 
‘Methode 1’ die gebaseerd is op het virus adsorptie en elutie (VIRADEL) principe en 
gebruik maakt van een elektronegatieve HA-filter in combinatie met een basische elutie-
buffer op basis van Triton X-100 en een secondaire concentratie methode gebaseerd op 





geëvalueerd voor de detectie van humane voedsel-gebonden virussen zoals HAV, GI en 
GII NoV, en RV in dezelfde vijf verschillende watertypes als eerder aangehaald. Tot slot 
werd aangetoond dat Methode 1 een betrouwbare methode is voor de detectie van HAV, 
GI en GII NoV. Maar voor detectie van RV werd deze methode als minder efficiënt 
ervaren aangezien een significant lagere recovery efficiëntie (RE) bekomen werd voor RV 
in alle vijf de geteste water matrices (RE <2%). 
In Hoofdstuk 3 zijn drie verschillende swab elutie/extractie strategieën met elkaar 
vergeleken, waaronder één strategie gebaseerd op het recent verschenen ISO protocol 
(ISO/TS 15216-1),om het swab protocol te optimaliseren voor de detectie van virussen op 
(voedsel) contactoppervlakken. Zo werd een verbetering voorgesteld van het huidige 
ISO/TS protocol voor de detectie van NoV en HAV op oppervlakken aangezien de 
recovery efficiënties (RE) significant hoger waren met de nieuw voorgestelde semi-directe 
lyse strategie (strategie 3). Tevens werd het gebruik van katoenen swabs, polyester swabs 
en biowipes (Biomérieux) vergeleken voor de detectie van NoV GI en GII op de 
oppervlakken HD-PE, neopreen rubber en nitril handschoenen. Biowipes werden 
geïdentificeerd als de beste optie voor detectie van NoV op het ruwere neopreen rubber, 
echter geen significant verschil werd opgemerkt in RE bekomen voor de andere twee test 
oppervlakken. 
In Hoofdstuk 4 werden 14 loten bevroren frambozen, bedoeld voor de productie van 
puree, bemonsterd voor de aanwezigheid van NoV (GI & GII). Deze actie werd herhaald 
voor 12 loten IQF frambozen. Een bemonsteringsplan werd toegepast (n=5, c=0) zoals 
momenteel  wordt uitgevoerd ter controle van ingevoerde bevroren aardbeien uit China. 
Een beslissingsmodule werd ontwikkeld om interpretatie van de NoV RT-qPCR resultaten 
te structureren. De toegevoegde waarde werd aangetoond van een bijkomende 
bevestigingsstap van positieve RT-qPCR signalen (door middel van sequeneren van het 
amplicon) daar vals-positieve monsters (hoewel alle negatieve controles negatief waren) op 
deze manier werden geïdentificeerd. Deze studie toonde tevens de aanwezigheid aan van 
kwantificeerbare hoeveelheden NoV, geclusterd in verschillende positieve monsters in één 
lot, wat duidt op sanitaire problemen. Verder werden de limitaties van monstername op lot 
niveau en van de huidige detectie methoden voor NoV in G&F bediscussieerd. Zo blijft het 
de vraag of monstername op lot niveau kosteneffectief is en de beste manier is om 
voedselveiligheid te garanderen aangezien bemonstering de afwezigheid van NoV 
positieve units in een lot niet kan garanderen. De benodigde aantal monsters voor de 
detectie van lage aantallen, met een lage frequentie en niet-uniform verdeelde contaminatie 
is namelijk onpraktisch groot. Voorts werd het standaard toevoegen van een proces 





verder onderzoek vereist is voor het verbeteren van de beschikbaarheid van betrouwbare 
controles. 
In Hoofdstuk 5 en Hoofdstuk 6 is dieper ingegaan op de potentiële rol van was- en 
irrigatiewater als bron van contaminatie met voedsel-gebonden virussen in de G&F 
productieketen. In Hoofdstuk 5 werd kritisch inzicht verkregen op waswater als potentiële 
bron voor kruiscontaminatie. In dit hoofdstuk werd kwantitatieve data verzameld, gebruik 
makend van een dynamisch twee-stap was proces (geen desinfectantia werden gebruikt) als 
simulatie voor een commercieel sla was proces. Twee processen van kruiscontaminatie (sla 
naar water en water naar sla) werden bekeken in de simulatiestudie en de overdracht van E. 
coli, E. coli O157, MS2 faag, en MNV-1 werd gekwantificeerd. De overdracht van deze 
micro-organismen van water naar sla werd bepaald door contaminatie van wasbad 1 
(WB1) met drie verschillend inoculatie niveaus. Naast kruiscontaminatie tussen de beide 
wasbaden werd tevens de initieel niet-gecontamineerde sla gecontamineerd door contact 
met water in WB1. Transfer ratios, welke de kruiscontaminatie van micro-organismen van 
geïnoculeerd WB1 naar de sla kwantificeren, varieerden tussen 0.3% tot 1.5%. De data 
bekomen in deze studie benadrukt de kwetsbaarheid van G&F voor kruiscontaminatie en 
illustreert de noodzaak voor het gebruik van gepaste desinfectantia om kruiscontaminatie 
te voorkomen. 
In Hoofdstuk 6 worden de beschikbare QMRA studies besproken die water includeren als 
transmissieroute van contaminatie en/of als desinfectie strategie, in de productieketen van 
G&F. Het meest frequent geïdentificeerde ontbrekende gegeven was de beschikbaarheid 
van plaats-specifieke data. Meer bepaald data over mogelijke internalisatie en overleving 
van de pathogenen in gewassen vertoonden gegevenstekorten. Net als de overdracht van 
pathogenen in irrigatie water en andere waterbronnen (bv. waswater), naar de gewassen. 
Dit laatste illustreert de relevantie van het onderzoek in Hoofdstuk 5. 
De kennis verworven in bovenstaande hoofdstukken heeft geleid tot het formuleren van 
algemene conclusies in Hoofdstuk 7. Men wordt geconfronteerd met allerlei onzekerheden 
wanneer men de problematiek van NoV in de productieketen van G&F probeert te 
doorgronden. In Hoofdstuk 7 werd dieper ingegaan op deze onzekerheden gerelateerd aan 
de inschatting van het gezondheidsrisico, gestandaardiseerde detectie, prevalentie en 
testen, en de relevantie van indicatoren en controle opties. Eveneens werden perspectieven 
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